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PKEFACE 


The  Office  of  Naval  Refc.'aroh  spGiiso>-ecI  an  informal 
conference  on  fundamental  problems  in  laser  physics 
at  tlie  Concord  Motel  in  Des  Plaines,  Illinois,  on 
Monday  and  IXiesday,  tlie  22nd  and  23rd  of  March. 
Tlie  meetinjj  was  hold  primarily  for  the  benefit  of  the 
ONR  contractors  receiving  support  from  the  Funda¬ 
mental  Limitations  portion  of  thcONR/ARPA  La^er 
Program.  However,  otiiers  Interested  in  this  aspect 
of  the  ONR^ARPA  Laser  Program  were  also  invited 
to  contribute  to  the  n.eeting. 


Part  1  Nonlinear  Effects 
Discu.ssion 

Leaders:  R.  Braunsteln,  UCLA 

Y.  R.  Shen,  UC  Berkeley 
M.  Subramanian,  Purdue 

Luncheon 

12  r 

Allgai’  -'s  at  Concord  Inn 


It  was  intended  that  tlie  conference  primarily  be  de¬ 
voted  to  discussion  of  certain  specific  topics  without 
the  presentaHou  of  formal  papers.  In  order  to  start 
off  eacli  session,  specific  contractors  w'  re  asked  to 
discuss  work  on  their  reseat  di  progra.ms  together 
witli  comments  on  the  possible  future  direction  of 
their  work.  The  original  agenda  for  the  meeting 
follows: 

Agenda  for  Laser  Physics  Conference 

MoncUiy 
22  March  1965 
3:00  P.M.  -  6:00  P.M. 

Session  I  Moderator:  R.  E.  Behringer,  ONR 

Part  1  Energy  Exchange  in  .Solids  (including 
crystal  field  effects) 


Tuesday 
23  March  1965 
1:00  P.M.  -  4:00  P.M. 

Session  HI  Moderator:  F.  T.  Byrne,  ONR 

Part  1  Gas  Breakdown 

Discussion 

Leader:  A.  Haught,  United  Aircraft 

Gorp. 

Part  2  Refractive  Index  Variation 
Discussion 

Leaders:  J.  Izatt,  New  Mexico  State 

University 

H.  Daw,  New  Mexico  State 
University 


Discussion 

Leaders;  D.  S.  McClure,  University 

of  Chicago 

W.  Holloway,  Sperry  Rand 
Gor-p. 

C.  Naiman,  Mithras  Corp. 
Part  2  Energy  Exchange  in  Gases 
Discussion 

Leaders:  T.  Marshall,  Columbia 

University 
M.  Muller,  Varlan 
Associates 

Tuesday 
23  March  1965 
9:00  A.  M.  -  12  Noon 

Session  11  Moderator:  J.  A.  Soules,  New  Mexico 
State  University 


In  addition  to  those  on  the  agenda,  several  participants 
made  contributions  which  added  substantially  to  the 
success  of  tlie  conference.  Transcripts  were  pro¬ 
vided  to  all  contributojis  for  editing  purjicses,  wjth 
some  additional  editing  done  by  the  organizer.  Most 
editing  was  held  to  a  minimum,  altliough  in  some  in¬ 
stances  a  considerable  amount  was  done. 

Many  thanks  are  due  Lloyd  White  and  Richard  Miller 
of  ONR  Chicago  for  the  excellent  job  they  did  in  mak¬ 
ing  local  arrangements  and  providing  for  both  tran¬ 
scribing  and  recording  services.  Prof.  Hack  Soules 
and  Lloyd  White  contributed  many  helplul  suggestions 
and  constructive  criticisms  in  the  plamiing  of  the  pro¬ 
gram  and  thereby  assured  the  overall  success  of  the 
conference. 

Robert  E.  Behringer 
Office  of  Naval  Research 
1030  E.  Green  Street 
Pasadena,  California 
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MONDAY  AFTERNOON  SESSION 


March  22,  1965 


Tlie  Monday  Afternoon  Session  of  the  Laser  Physics 
Conference  was  called  to  order  at  three  o'clock  p.  m. , 
March  22,  1965,  at  the  Lexington  Rooni  of  the  Con¬ 
cord  Motel,  Dcs  Plaines,  Illinois,  Dr.  Robert  E. 
Behringer,  Moderator. 

DR.  BEHRINGER:  I  believe  we  are  ready  to  start  now. 
I  think  just  about  everyone  is  here.  I  will  now  turn 
the  meeting  over  to  Prof.  Don  McClure  and  he  will 
give  us  a  synopsis  of  the  sort  of  work  he  is  doing 
at  Chicago. 

PROF.  D.  S.  McCLURE:  Thank  you.  The  work  wo 
are  doing  is  in  several  parts.  The  part  I  will  spend 
most  time  on  is  what  wc  call  the  collective  effects  on 
transition  intensities.  This  is  not  ex,actly  in  energy 
transfer,  although  the  effects  we  are  tallcing  about  are 
those  which  enhance  the  intensity  of  an  absorption  band 
as  a  consequence  of  the  closeness  of  several  ions  in 
the  crystai. 

The  first  observation  tliat  struck  my  attention  was  that 
the  pairs  of  manganese  ions  which  occur  randomly  in  a 
mangtmcse -doped  zinc  sulfide  crystal  and  which  we 
identified  and  have  .already  published  some  years  agj 
wore  ten  times  more  strongly  .absorbing  than  the  sin¬ 
gle  ions  themselves.  This  suggested  that  there  were 
some  interesting  effects  of  exchange  on  this  intensity. 

The  next  observation  was  that  in  pure  chromium  oxide 
the  quartet  transitions  arc  about  five  times  more  in¬ 
tense  than  they  are  in  ruby,  which  these  transitions  re¬ 
semble;  there  is  one-to-one  correspondence  between 
liimaiby  t-Bansi  tioiisand'-those  aTi  cnTofttltilH  6Mde.  Tlie 
doublel  transitions  were  enhanced  many  more  foldthan 
the  quartet  transitions. 

Tlien  Ferguson  lias  observed  some  very  sharp  bands 
in  KMnFg  which  intensify  by  an  order  ol  magnitude  or 
more  when  tlie  manganese  is  present  as  a  pure  com¬ 
pound  compared  to  the  diluted  form  in  KZnFg. 

VVe  have  collected  a  number  of  other  example.'’,  of  this 
nature  and  Larry  Lohr  who  will  follow  me,  is  working 
with  me  on  tlieso  problems,  and  he  will  discuss  them 
briefly. 

Our  Interest  was  to  see  If  this  is  a  general  phenom¬ 
enon,  and  having  found  that  it  ts,  we  want  to  explain  it. 

However,  we  liave  liad  to  back  up  a  bit  and  explain  the 
single  ion  transition  moments  in  more  detail,  which 
Larry  has  largely  done. 

The  nexl  aspect  of  this  work  has  been  the  study  of  the 
extra  ^nds  which  appear  in  antiferrom.agnetlc  com¬ 
pounds.  Wo  have  found  in  the  iiteralureand  Inourex- 
perlmenlal  work  a  number  of  c,ases  in  which  a  band 
appears  below  the  N6el  temperature  and  disappears 
above  it. 

A  band  in  NiO  was  the  first  of  these,  discovered  by 
Neuman  and  Chronko.  Tliis  band  appc.ar.s  In  the 


infrared  and  no  one  as  yet  has  found  a  suitable  expla¬ 
nation  for  it  except  that  it  has  something  to  do  with 
the  antlferromagnettsm  of  NiO, 

An  interesting  one  which  we  have  been  working  on  is 
in  cobalt  fluoride,  a  rutile  type  structure.  A  band  at 
about  23, 000  wave  numbers  appears  below  the  Neel 
temperature  and  disappears  above  it.  It  is  polarized 
perpendicular  to  the  C  axis  and  is  an  electric  dipole 
transition. 

We  lliink  this  might  be  an  excHon  of  some  kind  in  tlie 
cobalt  fluoride  lattice  and,  if  so,  it  will  be  very  inter¬ 
esting  to  identify  it  positively,  because  tins  would  be 
a  new  kind  of  e.xcit.ation.  Although  e.xcltons  are  ob¬ 
served  in  molecular  crystal's  and  in  inorganic  crys¬ 
tals  such  as  cadmium  sulfide,  no  one  has  yet  poslti-ely 
seen  one  in  transition  metal  salts  in  which  the  excita¬ 
tions  are  d  to  d  electron  transitions. 

In  order  to  find  out  a  little  bit  about  these  transitions 
we  h.avc  been  using  our  pulsed  magnetic  field  appara¬ 
tus  and  have  been  able  to  alter  the  spectrum  of  this 
band  in  fields  up  to  200  Kllogauss.  I  can’t  yet  say 
what  tills  is  telling  us,  but  interesting  things  have 
happened  and  we  believe  that  shortly  we  will  be  able 
to  give  a  reasonable  interpretation  of  these  data. 

.Since  there  are  two  ions  per  unit  cell  in  this  crystal 
they  may  have  a  collective  state  wliich  has  odd  parity. 
You  realize  that  the  states  of  single  ions  all  h.ave  even 
parity. 

Well,  this  is  about  all  I  want  to  say  on  the  coUective 
effects  in  transition  intensities. 

We  are  also  doing  some  work  on  the  analysts  of  the 
divalent  rare  earth  spectra  and  I  will  just  give  a  very 
brief  idea  of  what  this  is  like. 

We  are  working  mainly  on  the  divalent  rare  earths 
which  are  uninteresting  to  laser  people,  I  am  sorry 
to  tell  you,  but  it  is  these  particular  ones  which  do  not 
luminesce  which  I  think  will  tell  us  important  things 
about  the  5d  electrons  in  these  compounds. 

Wo  put  the  rare  earth  into  calcium  fluoride  or  stron¬ 
tium  chloride  and  reduce  it  by  various  means  to  +2, 
while  it  is  in  the  crystal.  We  are  now  doing  various 
chemical  reduction  teclmiques  wtucli  work  satisfac¬ 
torily,  altliougli  as  you  well  know  we  can  reduce  these 
by  radiation  methods  and  by  electrolytic  methods.  We 
have  tried  Ihem  all. 

But  o\ir  main  interest  In  studying  these  ions  is  to  find 
out  whetlier  the  ground  state  in  the  series  of  rare 
earths,  starting  from  lanthanum,  going  to  gadolinium, 
ending  at  ytterbium,  ever  becomes  aSdelectron  state. 

You  realiZ'C  the  +3  rare  earths  alw,ays  have  4f  elec¬ 
trons  in  the  ground  state  and  so  also  do  the  +2  rore 
cart.hs.  In  the  latter  tlie  low  energy  transitions  at  e 
of  two  kinds,  the  41  to  41  and  41  to  5d. 
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But  in  the  particular  cases  of  lanthanum,  gadolinium, 
cerium  and  terbium,  it  seems  that  the  Sdelectron  in¬ 
trudes  into  such  a  low  energy  region  that  the  ground 
state  may  contain  a  5d  electron. 

We  have  done  a  quite  complete  analysis  of  the  ytterbium 
spectrum,  which  shows  us  something  about  the  param¬ 
eters  of  the  crystal  fieldand  the  electrostatic  coupling,, 
in  this  one  example,  and  we  tliink  we  can  be  equally 
successful  in  cerium.  We  are  getting  good  spectra 
and  we  have  a  complete  crystal  field  analysis. 

There  are  one  hundred  forty  states  in  ytterbium  la 
zero  syinmetry,  and  something  like  fifty  in  the  rjbic 
symmetry.  In  cerium  there  are  fifty  states,  also,  in 
the  fd  configuration  and  about  the  same  number  in  the 


f^  configuration.  We  have  to  find  out  which  configura¬ 
tion  produces  the  ground  state  in  this  case. 

Weil,  tliese  are  all  the  remarks  I  want  to  m-.rke  about 
those  two  problems  in  general,  and  Larry  can  give  us 
a  little  bit  more  detail  on  the .oarticular  problem  of  the 
manganese  spectra  and  the  collective  effects.  Per¬ 
haps  we  should  have  questions  first. 

DR.  BEHRINGER;  Questions  any  time  they  arise,  I 
would  say. 

PROF.  ARTHUR  SCHAWLOW:  Have  you  identified  a 
case  where  the  d  level  is  lowest? 

PROF.  McCLURE:  Well,  it  seems  to  be  fairly  cer¬ 
tain  for  gadolinium  and  lanthanum,  and  cerium  and 
terbium  are  on  the  borderline. 


DR.  LARRY  LOUR:  The  sub-title  of  this  afternoon's 
session  is  crystal  field  effects,  and  that  will  be  the 
emphasis  in  my  part  of  this,  although  we  will  see  that 
ttiere  are  certain  aspects  of  experiments  that  as  pre¬ 
viously  mentioned  seem  to  require  some  cooperative 
interactions  in  order  for  them  to  be  explained. 

.'is  mentioned,  we  sre  ccncerned  with  the  optical 
spectra  of  divalent  manganese  salts.  If  you  asK  why 
divaleni  manganese,  you  recall  that  divalent  manga¬ 
nese  is  the  ion  with  a  half  filled  3d  shell  and  with  Ih-at 
you  get  more  possible  arrangements  of  electrons  and, 
hence,  more  states  than  with  any  other  possible  num¬ 
ber  of  electrons.  That  means  the  possibility  of  more 
data  with  which  to  test  out  the  ideas. 

In  addition,  some  of  these  transitions  are  extremely 
sliarp;  The  sharpest  one  tliat  I  know  of  is  a  transition 
in  the  blue,  which  has  a  width  at  liquid  helium  temper¬ 
ature  about  one  and  a  half  wave  numbers  at  an  energy 
of  25,000  wave  numbers,  which  is  quite  sharp. 

Tlie  experiments,  with  very  tew  exceptions,  have  con¬ 
sisted  of  visible  and  ultraviolet  absorption  spectra,  a 
bare  minimum  ot  emission  and  diffuse  reflection  work. 

Of  course,  we  observe  energies  and  intensities  together 
with  vibratlonalstructureand perhaps  finer  structure, 
splittings  of  the  order  of  one  to  ten  wave  numbers,  as 
a  function  ot  the  nature  of  the  salt,  the  temperature, 
concentration  ot  manganese  in  a  few  cases  when  it  is 
in  a  dilute  salt,  polarization  of  light,  and  also,  as 
mentioned,  a  strong  magnetic  field  up  to  200  Kilogauss. 

Tile  information  which  we  attempt  to  extract  from  all 
this  data,  first  ot  all  is  the  assignment  of  excited 
stales  in  terms  of  symmetry  and  spin,  this  isactually 
t.he  least  Interesting  because  at  the  present  state  of  the 
a-rt  it  is-prettyweliTinderStood  for  any  octahedral  com¬ 
plex.  However,  it  is  the  .starting point  for  all  the  rest 
of  the  analysis,  so  it  is  important  although  there  are 
very  fo.v  surprising  results. 

The  second  thing  Is  the  question  ot  Intensity  mechan¬ 
isms,  which  is  not  nearly  so  well  understood.  Other 
information  we  would  like  to  obtain,  of  course,  are 
geometry  of  excited  slates.  Information  about  the 
nature  of  the  vibrational  structures  we  observe  in 
absorption:  are  those  frequencies  different  in  the  ex¬ 
cited  states  than  they  would  be  in  the  ground  state;  in 
the  case  ot  an  lo"  which  has  an  impurity  in  a  crystal, 
are  we  observing  localized  modes  or  arc  they  latllcc 
modes? 

Ttie  spin  couplings  are  of  great  Intercs  cxpocinUy 
that  of  an  optically  excited  ion  to  a  neigh)  u’ paramag¬ 
netic  ion  In  Its  ground  slate,  or  belweer  Ions  of  two 
different  electronic  states. 

I  have  been  especially  interested  In  the  Cilects  ot  the 
co-valency  or  delocalization  ot  electrons  on  the  inter- 
electronic  repulsions. 

Lrislly,  Ihere  are  questions,  as  mentioned,  concern¬ 
ing  the  energy  transfer  to  olher  ions. 

Can  wc  see  slide  number  one,  which  Is  a  list ol  com¬ 
pounds  we  have  been  considering,  and  I  should  say 
here  weliave  notbeendoingexperinienlsonallof  these. 
Tliese  are  the  compounds  we  have  been  considering  In 
our  analysis.  Tliore  are  about  eight  of  these  or  so  that 
wc  have  been  doing  experiments  on  oursclVes  in  tlie  last 


year  or  two.  These  Include  the  manganese  chloride 
dihydrate,  sulfate  tetrahydrate,  the  m.angai.ose  per¬ 
chlorate  hexahydrate,  n!.arganese  carboa'ute,  cadmium 
fluoride  with  manganese,  zinc  sulfide  with  manganese. 
One  or  two  more  represent  our  own  experimental 
work.  The  rest  represent  experimental  work  in  liter¬ 
ature  and  unpublished  exi^erimental  work  by  other 
researchers. 

The  second  column  just  lists  the  chemical  complex, 
so  to  speak.  Tlie  third  column  is  ttie  site  symmetry. 

Nearly  all  of  these  are  six  coordinated.  Tlie  only  ex¬ 
ceptions  are  cadmium  fluoride,  which  is  eight,  and 
four  in  Die  two  forms  of  zinc  sulfide. 

In  addition,  most  of  these  are  centro-symmetric, 
even  though  they  may  not  be  perfect  octahedra,  as  you 
can  see  here.  Nearly  all  ot  these  site  symmetries 
contain  the  inversion,  the  exceptions  Ijemg  the 
chloride  tetrahydrate  and  sulfate  tetrahydrate  and, 
obviously  the  tetraliedral  complexes. 

Among  the  six-coordinated  species,  the  tetrahydrate 
ones  are  the  only  non  centro-symmetric  ones.  Of 
course,  lliis  is  important  when  you  recall,  as  men¬ 
tioned,  these  transitions  are  within  the  d  shell,  hence 
they  are  even  states  to  even  states. 

Tlie  last  column  lists  tlie  manganese  distances  in  these 
various  compounds  in  the  form  of  X-ray  data.  You 
see  ill  a  number  of  simple  compounds,  especially  the 
binary  compounds,  there  arc  manganese-manganese 
distances  of  between  three  and  a  quarter  to  four  Ang¬ 
stroms.  iTiis  is  of  importance,,  for  tlie  following 
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In  examining  all  of  this  data,  one  of  the  most  interest¬ 
ing  conclusions  or  observation  hat  has  come  out  of 
this  is  that  the  integrated  intent,  aes,  thatis  the  oscil¬ 
lator  strengths,  can  be  roughly  divided  into  two  groups. 
Tliere  are  compounds  where  you  have  manganese 
neighbors.  Jn  sucli  situations  you  get  oscillator 
strengths  of  the  order  10"'*',  say,  up  to  lO-'S  or  possi¬ 
bly  up  to  10“5.  Now,  these  refer  to  the  pure,  simple 
binary  compounds.  Several  examples  are  shown  in 
Slide  No.  2.  It  also  refers  to  the  cases  where  you 
have  impurity  ions  in  large  enough  concentration  so 
that  you  ha\e  pairs  or  larger  clusters,  for  example 
manganese  in  ZnS  and  K'ZnFg. 


On  the  other  hand,  the  other  group  have  oscillator 
strengths  that  are,  say,  roughly  one-hundredth  of  that. 
Tliese  include  isolated  manganese  ions  in,  say,  a 
nearly  centro-sym.metri  or  even  exactly  centro- 
symmetric  complex.  Tlu  ■  Includes  ail  of  the  higher 
hydrates,  such  as  tetra  or  hexahydrates,  where  even 
tiiough  they  are  pure  compounds  you  have  essentially 
discreet  complexes,  so  there  is  a  large  distance. 
There  is  no  simple  bridging.  It  includes  that  group 
mid  then,  also,  of  course,  the  situation  where  you 
have  an  Impurity  ion  of  a  very  low  concentration. 

It  is  observed  in  these  concentration  studies,  of 
course,  that  these  intensities  do  not  obey  Beer's  law 
quite  strictly;  they  do  not  by  one  or  two  orders  of 
magnitude  departure. 

VVe  don't  know  as  yet  justwhat  this  intensity  mechanism 
is  in  this  concentrated  case,  except  it  must  involve 
some  sort  of  cooperative  mechanism. 


DR.  ROBERT  C.  OHLMAN;  Are  these  at  room  tem¬ 
perature  or  below  the  Nfeel  temperature  in  cases  you 
are  describing? 

DR.  LOHR:  A  very  good  point;  it  really  doesn't  mat¬ 
ter.  This  is  what  I  was  getting  to  next  is  that  al¬ 
though  the  band  shapes  of  these  compounds  are  very 
sensitive  to  temperature  in  some  cases,  not  all,  in 
integrated  intensities  (the  area)  is  remarkably  insen¬ 
sitive  to  temperature.  It  doesn't  matter  whether  you 
are  above  or  below  the  Nfeel  temperature.  This  is 
very  surprising.  If  these  things  are  ascribed  to  be 
vibronic,  one  would  anticipate  a  temperature  depend¬ 
ence  which  goes  something  like  the  hyperbolic  co¬ 
tangent  of  one  over  the  other. 

Tliis  is  observed  in  divalent  cobalt  and  divalent  nickel 
spectra  in  some  cases,  but  here  we  don't  see  it  even 
in  the  centro-symmetric  systems.  To  the  accuracy 
you  can  measure  the  oscillator  strength  in  KMnFg  or 
in  MnCOg  there  does  not  seem  to  be  any  temperature 
dependence  of  the  areas,  which  is  a  puzzling  point. 

We  have  made  some  progress  recently  in  trying  to 
interpret  the  polarizations  of  these;  all  our  spectra,  by 
the  way,  are  essentially  single  crystal  spectra.  For 
those  tew  compounds  that  are  non  centro-symmetric, 
we  perform  simple  seml-emperical  extended-HUckel 
molecular  orbital  calculations,  from  which  one  can 
generate  one  electron  energizes  and  approximate  one 
electron  wave  functions.  These  can  be  combined  in 
such  a  way  to  produce  live  electron  states  and  one  can 
get  the  live  electron,  total  oscillator  strengths. 

Tills,  of  course,  is  notapplicable  incase  otthe centro- 
symmetric  systems. 

Chily  one  compound  to  my  knowledge  as  been  shown  to 
be  definitely  magnetic  dipole  in  soni'  of  its  character¬ 
istics.  It  is  manganese  hexafluorosilicatehexahydrate. 
If  the  oscillator  strength  is  greater  than  10-9  you  can 
just  about  rule  out  that  mechanism,  for  diluting  sys¬ 
tems  anyway. 

PROF.  SCII.WLOW:  You  say  the  oscillator  streiigth 
greather  than  10-9  rules  out  magnetic  dipole.  Does 
the  polarization  also  confirm  that? 

DR.  LOHR:  Yes,  this  is  it  essentially.  Tills  is  how 
one  knows  you  are  looking  at  an  electric  (or  magiletlc) 
dipole  aside  from  the  question  of  intensity.  In  fact, 
the  polarization  argument  is,  ol  course,  re.ally  the 
conclusive  one  and  the  other  is  sort  of  confirming,  but 
not  quite  as  reliable.  But  I  think  it  is. 


In  the  dilute  cases  it  is  more  or  less  understood  that 
tliere  are  only  three  possibilities,  all  of  which  involve 
the  spin  orbit  coupling,  since  these  are  ail  spin- 
forbidden  transitions.  Tlie  first  possibility  is  that  the 
transition  is  magnetic  dipole;  these  are  intrinsicly 
weak. 

Tlie  second  is  that  It  is  electric  dipole,  by  the  small 
odd  discortion  that  you  have  In  some  of  these  comple¬ 
tions,  like  the  chloride  tetrahydrate,  and  the  third 
being  they  are  made  allowed  by  a  coupling  with  an  odd 
vibration  in  the  centro-symmetric  ones. 


One  other  thing  I  would  like  to  briefly  mention  is  the 
work  we  have  done  in  connection  with  the  analysis  of 
all  the  spectra  In  terms  of  the  energies  and  wave  func¬ 
tions  obtained  from  using  a  slightly  differentformalism 
than  the  traditional  ones.  One  usually  think.-  in  terms 
of  the  Orgel  matrix  or  i'le  Tanabe-Sugano  matrix,  in 
v.’h!'’h  the  energies  of  aP  states  are  represented  by 
three  parameters;  in  terms  of  cubic  crystal  field  lODq 
(or  delta)  and  in  term.s  oI  Racah parameters  of  Slater- 
Cnndon  parameters  (F2  and  F4  or  B  &  C),  whichever 
you  nrefer. 

We  have  found  it  convenient  to  recase  all  of  these  e. 
pressions  in  a  slightly  different  form,ilism.  In  which 
instead  of  taking  B  and  C  (or  F2  and  F4  as  adjustable 
parameters  for  the  complex  ion,  which  does  not  lend 


All  of  these  mechanisms,  since  they  all  involve  spin 
orbit  coupling,  can  only  give  rise  to  oscillating 
strengths,  of  the  order  of  something  like  10*'^  cr  10-9. 
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itseir  very  w(  11  to  interpretation,  because  in  the  tree 
ion  tiiey  arc  essentialiy  a  measure  ot  the  shape  of  the 
radial  function.  Wlien  you  no  longer  have  a  spherical 
system  it  is  not  easy  to  interpret  these  parameters, 
although  you  can  fit  them  fairly  well;  we  have  found  it 
convenient  to’do  sometliing  like  the  following: 

I  will  not  go  into  any  great  detail  on  tliis,  but  just  sort 
of  outline  tlie  kind  of  thingone-, means.  S.ay  it  you  have 
a  given  electric  repulsion  integral,  this  would  be  a 
Coulomb  integral, 

5:^  0,(1)^*(2)  drjdr^ 

involving  just  one  di  Jital  now,  we  can  write  it  syno- 
faolically  as  |d2,d2J,  just  the  classical  repulsion  of 
this  charge  distribution  d^  with  another  electron  in 
the  same  charge  distribution;  this  integral  has  a  value 
in  terms  of  the  tlacah  parameters  ot  A  +  4B  +  3C.  I 
will  put  subscript  zeros  in  here,  Aq  t  4Bq  +  SCq,  in¬ 
dicating  this  a  free  ion.  Normally,  for  a  complex  one 
wpuld  just  take  a  B  and  C  as  readjustable  parameters; 
in  other  words,  T  am  just  taking  new  values  of  these. 

Well,  we  have  taken  the  scheme  that  you  go  back  and 
think  of  this  d  now  as  liaving  not  l)een  a  pui-e  d;  it  is 
somewhat  delocalized,  it  lias  some  mixing  of  ligands, 
in  other  words,  it  is  represanlinga general  wave  func¬ 
tion  tf',  which  is  some  coeflicient  of  this  d  orbital  plus 
the  coefficient  of  the  ligand; 

lU  -  1- 

to  a  very  good  approximation  this  integral  (when  you 
sajj  wliat  you  really  iijsan  here,  you  want  the  Integral 
aiiaiaMus  to  [d^,  d^)  is  equal  just  to  tlio  one 
center  term  multiplied  by  the  square  of  the 

fraction  of  d  characTer  (f,j)  in  this  molecular  orbital, 
where  fd  is  defined  in  accord  with  Mulliken  as  Cd^, 
(tills  integral  must  be  Courthpowerin  the  coefficient  as 
the  orbital  appears  four  times)  plus  half  of  the  overlap 
term  between  the  d  orbital  and  the  ligand  orbital. 

^d  -  <-  CdC^S,^ 

Such  a  scheme  effectively  is  including  more  than  the 
oneceiiter  term;  it  IS  including  the  one  center  Coulomb, 
plus  two  center  exchange  integrals,  but  it  does  neglect 
two  center  Coulomb  integrals,  which  are  large,  but 
one  can  show  that  providing  you  are  looking  at  transi¬ 
tions  whicli  are  crystal  field  independent  that  these  are 
largely  cancelled  out. 

Now,  we  Iiave  sot  up  many  ot  our  fitting  schemes  in 
terms  of  these,  in  which  these  factors  (fd),  in  general 
one  for  each  of  the  five  d  orbitals,  will  be  your  adjust¬ 
able  parameters  for  fitting,  multiplied  by  the  atoniic 
c.xpressions  using  atoniic  numerical  values  tor  Bgand 
Co-  Additional  parameters  are  the  orbital  energies, 
or  merelv  lODg  for  cubic  complexes. 

Now,  the  advantages  of  tliis  sclieme  are  .several.  I 
must  mention  this  is  not  completely  new;  It  is  an  ex- 
lonslon  ot  some  Ideas  that  were  used  some  years  ago 
by  Koide  and  Pryco  in  analysis  ot  manganese  spectra. 
’Hiolr  .scheme  Is  a  special  case  of  this. 

One  thing  llmi  it  glve.s  directly  is  the  splitting  of  some 
nf  tlieaceideiilally  degenerate,  crystal-field  independent 


levels,  not  only  In  manganese,  but  also  trivalent  chro¬ 
mium  and  many  other  systems.  Sometime  you  have 
two  spectral  terms  wlilcl.  accidentally  have  the  same 
energy  if  you  asnume  the  electron  repulsions  to  have 
the  free  ioe  form.  These  degeneracies  are  automat¬ 
ically  lifted  here. 

An  even  bigger  advantage  is  this  extends  itself  very 
nicely  to  consideration  of  low  symmetry.  For  those 
transitions  which  don’t  depend  upon  crystal  fields, 
that  is  they  don't  depend  upon  differences  in  orbital 
energies,  the  transitions  are  essentially  atomic  in  that 
they  depend  upon  rearrangement  ot  electrons,  and  the 
energy  is  just  that  for  going  to  an  unfavorable  electron 
repulsion  situation. 

We  can  do  several  things  as  far  as  the  values  of  these 
(f(j),  either  use  them  in  a  fitting  scheme  or  we  just  use 
lliem  arbitrarily  or  also  we  have  had  some  success 
taking  these  from  some  molecular  orbital  calculations 
of  the  type  I  mentioned  previously  in  connect' on  wHh 
oscillating  strengths.  It  means  'i  riting  out  a  li-st  of 
repulsion  integrals,  one  by  one. 

Another  thing  thai  has  been  applied  to,  as  a  sideline  in 
chocking  this  out,  is  the  case  of  some  Stark  effects  on 
optical  lines,  in  which  the  interpretation  is  that  the 
electronic  field  (the  particular  case  vyas  ruby)  is 
changing  the  molecular  orbital  slightly  due  toelectro- 
stricUon.  If  the  transition  in  question  is  crystal  field 
independent,  it  depends  only  on  the  electron  repulsions, 
so  what  you  are  actually  doing  by  clianglng  the  wave 
functions,  is  that  you  are  modifying  the  electronic  re¬ 
pulsion  integrals  and  that  is  essentially  the  p.seudo- 
Stark  effect  one  observes  in  ruby. 

Jherc  are  4.  number ei'etheraspects of  our  work  which 
I  won’t  have  time  to  go  into.  One  is  some  of  the  anal¬ 
yses  of  some  of  the  fine  structure,  that  is  some  of  the 
second-order  spin  oi’bit  splittings  you  sec  in  excited 
states,  splittings  of  the  order  of  five  to  ten  wavenum¬ 
bers.  We  have  been  able  to  calculate  these  in  case  of 
a  cubic  site  and  a  quartet  Estate  which  is  second-order 
split,  and  we  believe  this  has  been  observed  for  man¬ 
ganese  in  zinc  sulfide.  We  hope  to  extend  this  to  low 
symmetry  to  account  for  some  of  our  recent  experi¬ 
mental  splittings  ot  this  type  in  low  symmetry 
compounds. 

Tile  vibrational  analysts  is  making  some  progress,  but 
we  have  a  long  way  to  go  lliere.  Well,  we  hope  to  have 
more  to  say  about  that.  We  do  think  that  there  is  evi¬ 
dence  from  ex})eriments  and  also  from  our  caJer'ations 
that  the  excited  slates  of  divalent  manganese,  and  there 
are  quite  a  number  of  these,  are  more  or  less  unstable 
with  respect  to  various  distortions  and  in  some  states 
unstable  with  respect  to  many  distortions,  not  just  a 
totally  summctrlc  one.  Tills  is  the  reason  you  may 
just  get  a  broad  band  instead  of  a  lot  of  discrete  lines; 
in  other  words,  the  bandyousee,  even  .at  low  temper¬ 
ature,  shows  no  structure,  it  is  just  a  superposition  of 
many  vibrational  progressions. 

Other  slates,  even  the  crystal  field  independent  transi¬ 
tions,  are  occasionally  broader  than  you  would  antici¬ 
pate.  However,  the  fact  that  a  transition  Is  independ¬ 
ent  of  lODq  does  not  mean  that  the  transition  energy  is 
Independent  of  a  totally  symmetric  distortion.  These 
are  not  quite  the  same  thing,  when  you  consider  the 
energies  in  terms  of  a  scheme  such  as  this  (variable 
electron-repulsions),  and  tliere  is  some  experimental 
evidence  that  this  is  the  case  in  some  of  the  higher 
states  ot  manganese  carbonate. 


DR.  Cr^LES  NAIMAN:  We  have  been  studying 
some  ulii'ilar  pair  effects  for  a  while  and  have  found 
parallel  results  which  way  shed  light  on  what  has 
been  presented  here. 

In  these  cases  we  have  been  looking  mostly  at  chro- 
mlum,  heavUy  doiied  ruby  in  particular.  There  are 
nds  in  the  near  UV,  which  display  some  of  tlie  same 
properties  that  you  have  just  heard  about  manganese 
systems.  >. 

We  believe  that  we  have  at  lea.sl  one  ixiasibie  explana¬ 
tion  of  the  exiterimental  observation  (similar  to  what 
McClure  m^entioned  earlier)  that  wlien  you  have  pair 
effects  you  can  get  violations  of  symmetry  that  lead 
to  an  enlianced  intensity. 

Another  important  expori-nental  fact  is  the  temijera- 
tui’e  deixmdcnce  which  is  quite  critical.  I  think  there 
are  some  people  in  this  a''dience  that  are  better  aware 
of  this  than  I,  but  let  r,ne  jvist  mention  what  we  liavc 
observed  briefly. 

If  you  take  a  lock  at  iieavily  doped  rut  we  find  on 
the  tail  of  the  blue  bands  four  relatively  sharp  bands; 
two  in  one  polarization  and  two  in  tlie  other.  These 
absorptions  appear  to  go  as  the  square  of  the  concen¬ 
tration.  Furtherwore,  if  you  study  the  temperature 
deixmdence  of  these  same  bands,  you  find  the  same 
interesting  question  which  came  up  earner. 

For  example,  you  might  look  tor  a  coth  depend¬ 
ence  for  the  absorption  intensity.  You  don't  find  this. 
In  other  words,  it  doesn't  seem  to  be  made  by  vibra¬ 
tions  even  through  t'lere  is  a  lot  of  vibrational  struc¬ 
ture  on  top  of  these  bands. 

1  fjc  uciicr  ciuTu;  ytju'  xwun;  lu*-,  t.-s  mcr  %jrpc  va  »*i— 

teraction  Professor  Scliawiow  and  others  have  found 
for  the  pair  lines,  such  as  the  N  lines  near  the  R 
lines.  Here  one  has  ferromagnetically  or  anti- 
ferromagnetlcally  coupled  pairs.  If  that  is  the  case 
then  you  have  some  energy  level  system  wh.'  'h  either 
starts  with  total  S  equal  to  zero  antiferromagnetic 
coupling  or  if  you  take  tlie  two  spin  3/2  coupled  ferro¬ 
magnetically  you  will  end  up  with  a  total  spin  of  three. 
Eitiier  way  oile  ends  with  a  Lande  interval  rule  and 
then  you  will  also  get  an  exponential  dependence  for 
tlie  absorption  intensity  reflecting  the  population  of 
these  states  and  tlie  selection  rules  that  go  witli  them. 
These  bands  again  don't  show  this  type  of  dependence. 
The  latter  occupied  our  first  thoiiglits  because  tliere 
are  known  to  be  some  doublet  energy  levels  that  are 
spin  forbidden  from  tlie  ground  state  in  this  region. 
Tliey  tncn  might  have  Ixieii  made  allowed  by  this  mag¬ 
netic  pair  spin  coupling. 

We  think  there  is  another  [wssible  explanation,  that 
runs  something  like  the  following: 

What  happens  is  that  you  probably  liave  in  the  ground 
■state  a  d3  -d3  pair  complex,  but  the  excited  state  is 
a  d2-d4  state  with  proper  symmetry  normalization. 

In  other  words,  here  we  have  somehow  produced  a 
double  "charge  transfer"  or  "oxidation-reduction" 
transition. 

For  example,  you  think  of  this  wliole  complex  as  two 
chromiums  embedded  in  nine  oxygens,  where  you 
have  two  outside  triangles  of  oxygens  sitting  on  their 


bases  and  anotlier  one  between  tliem  standing  on  its 
ape::.  Each  clu-omium  resides  along  the  trigonal  axis 
between  Hie  central  triangle  and  an  outer  one.  If  you 
follow  this  model  and  maintain  trigonal  symmetry  at 
lease  for  the  ground  state,  then  you  find’ what  your 
ground  state  has  to  be  by  just  coupling  their  orbital 
angular  momenta. 

The  lowest  of  such  excited  stales  should  correspord 
to  a  d2  ion  in  its  ground  state  and  a  d^  ion  in  Hi. 
grouiiu  state.  Take  tiiese  states  and  now  c.^uplc  Hism 
together  and  you  will  find  that  in  total  you  ca  •  get,  in 
a  trigonal  field,  four  states,  of  which  lw(>  will  appear 
in  one  polarization  and  two  in  the  other.  Tliis  is  the 
main  absorption  ctiaracteristic  found. 

Interestingly,  we  found  at  least  one  other  chromium 
complex  which  is  very  similar  to  this,  where  we  can 
also  explain  some  pair  spectra  that  occur  in  the  same 
region. 

That  is  a  rather  exotic  least  which  look,',  like  the  fol¬ 
lowing:  You've  got  a  chromium  ion,  with  .in  oxygen 
bridging  the  Iwo  chromiums  and  then  surrminc  mg 
each  Cr  at  Hie  other  five  coordinating  [xisitions  we 
liave  an  ammonia.  Here  we  h.ve  in  letragimal  sym¬ 
metry  Hie  parallel  of  wliat  we  had  in  the  trigonal  sym¬ 
metry  of  ruby.  Schaeffer  very  interestingly  found 
that  this  complex  also  i.as  four  b,  nds  in  thi.  near  UV 
region.  Here  again  these  intensities  are  also  high 
for  three  of  Hiem,  (they  aie  almost  as  stropg  ".s  the 
blue  and  green  band),  while  one  of  them  is  ■  e.u.;. 

Now,  you  can  postulate  the  same  transition  mt  cha- 
nism.  Again  go  to  your  d^-d^  ground  states,  couple 
their  orbital  angular  momenta  togetlie’ ,  and  again 
you  end  up  v/itli  four  bands.  Now  ycu  liave  lotragonal 
soicct-ion  End  in  fnet  you-  c&jvgfQ  SiStGp  Iui?.th6£« 

You  can  assume,  to  Hie  Hrst  approximation,  Hiat  the 
pair  splittings  will  just  be  duo  to  the  single  ion  split¬ 
tings  in  tetragonal  symmetry.  If  one  uses  the  and 
2  formalism  of  McClure  for  Hie  e^  and  t2g  tetragonal 
splitting  and  just  add  the  single  ion  energies  you  can 
then  compare  these  witli  the  experimental  data.  Be¬ 
cause  there  are  two  unknowns  (e  &>ff)  there  is  still 
some  ambiguity  whicli  liowever  can  be  resolved  be¬ 
cause,  using  D4h  symmetry  one  of  the  transitions 
will  be  electric  dipole  forbidden.  This  is  the  one 
which  we  assign  tn  the  weak  absorption.  We  get  self 
consistent  results  with  the  tetragonal  splitting  of 
transition  metal  ions  in  porphysics. 

Now,  the  same  mechanism,  appears  to  be  applicable 
to  a  lot  of  other  systems. 

For  example,  you  can  ask  yourself  Ihe  following 
question  in  ruby.  If  I  liave  gone  ahead  and  produced 
an  excited  d^-d^  state  where  the  d2  and  d''  ions  end 
up  in  their  single  ion  ground  state  what  will  thiR  elec- 
trol  configuration  look  like?  This  will  be  d^  (tgjr) 

-  d**  (tggC^).  In  addition  to  producing  this  excited 
state  I  can  also  produce  that  one  v/hich  corresponds 
to  d2(t|g)  -d‘^(t2g).  In  fact  in  the  single  ion  approxi¬ 
mation  the  difference  Ijetween  these  two  is  approxi¬ 
mately  the  value  of  lODg  for  the  d'^  system.  For 
example,  Mn+®  inAl203.  In  other  words),  there 
should  be  a  pair  absorption  band  at  a  frequency  . 
higher  tlian  the  pair  bands  which  are  at  30,000  cm"'^ 
by  about  17,000  cm*^. 
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I  understand  from  Nelson  at  Bell  Labs  they  have  seen 
sucli  pair  effects  in  the  48, 000  cm"^  region  and  so  it 
seems  to  be  quite  a  general  mechanism.  Copper  ace¬ 
tates,  which  are  the  first  pair  effect  complexes,  have 
also  shown  such  transitions  that  appear  in  the  near 
UV,  so  we  think  this  may  be  a  very  general  mechanism. 


The  otlier  tiling  I  would  like  to  pclnt  out  is  that  I  think 
Balhausen  has  also  seen  some  unusual  intensity  effects 
in  nickel  systems.  He  has  ascribed  them  to  excitons, 
in  the  dN-^d^  system.  This  appeared  in  agovernment 
report  around  a  year  and  a  half  or  two  years  ago,  pro¬ 
viding  another  possible  mechanism  to  be  explored. 
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DR.  HOLLOWAY:  I  would  like  lo  summarize  that  por¬ 
tion  ot  our  work  which  involves  transfer  of  energy  in 
solids  and  is  [jertinent  to  the  present  discussion. 

This  work  has  been  discussed  in  some  detail  in  the 
technical  summary  reports,  with  which  I  am  sure  you 
are  all  familiar. 

We  have  studied  the  transfer  of  energy  between  active 
ions  by  the  e.xamination  of  the  fluorescence  properties. 
The  e.xperiments  may  be  divided  into  two  major  sub¬ 
headings,  the  effect  of  the  interactions  between  rare- 
earth  ions  on  the  rare-earth  ion  fluorescence  and  the 
studies  of  the  fluorescences  in  concentrated  manga¬ 
nese  systems. 

Since  the  rare-earth  ion  work  is  most  jiertinenl  to  tu'.s 
section  and  i,‘'  also  tlie  best  understood,  these  studies 
will  be  emphasized.  There  are  two  types  of  studies 
which  have  been  done  involving  the  rare-earth  ion,  , 
the  quenching  or  the  deterioration  of  the  fluorescence 
of  an  active  ion  by  a  second  ion  and  the  transfer  of 
e.xcitation  energy  from  one  fluorescent  ion  to  a  second 
ion. 

These  results  ere  consistent  with  the  resonance  trans¬ 
fer  of  energy  theory.  That  is.  a  virtual  photon  may 
be  exctianged  between  ions  with  appropriate  energy 
levels.  In  the  particular  e.xamples  which  v/e  have 
studied,  this  means  there  is  an  overlap  of  the  fluo¬ 
rescence  lines  ot  die  excited  ion  and  the  absorption 
lines  in  the  second  or  quenching  ion. 

for  our  first  example  we  have  studied  the  radial  de¬ 
pendence  of  the  quenching  interaction  of  tl;“  tri-  valent 
holmium  ion  on  the  tri-valent  cerbium  .on  ‘"cq 

in  rare-earth  trichloride  hexahydrates.  E.xperlment- 
ally.  our  technique  has  been  to  flash-excite  the  terbium 
iQp^XluQBascencfi  md.  thenfiifia&uiie  its  decay  as-  aXuim- 
tlon  of  the  concentration  of  the  homium  ions.  May  I 
have  tlie  first  slide  which  iijdicates  the  procedure  used 
in  these  experiments. 


■^Ohs  ’'^I'T  ^Ini 


probability  for  quenching  interaction,  from  the  res¬ 
onance  transfer  of  energy  theory,  the  r.adlal  d<.pend- 
enccs  which  one  expects  for  various  tyjies  of  interaction 
are  well  known  and  are  listed  on  this  slide. 

In  the  data  which  I  will  show  either  Pint  or  Tint  is 
given  as  a  function  ot  concentration.  Since  the  con¬ 
centration  is  proportional  to  the  inverse  cube  of  the 
radius,  this  is  equivalent  to  plotting  the  radial 
dependence. 

Tlie  next  sl’de  shows  tlie  typical  data  for  rgbs  os  a 
function  ot  concentration.  The  experiment  can  lie 
viewed  as  a  dilution  of  crystals  of  Tbis  HO15  CI3  .  6H2O 
with  CdClg  •  6H2O.  Only  the  holmium  ions  effect  the 
terbium  .’’uoresccnce.  This  slide  shows  a  typical 
curve.  The  rpj  may  be  obtained  by  extrapolation  of 
the  data  10  the  point  where  no  interactions  are  present 
duo  to  holmium  ions  so  that  Tp-ja: 


C  (IN  lill|.2j  "0(,Clj  6HjO) 


In  the  ne.xt  slide,  we  show  this  data  reduced  in  the 
manner  described  in  Slide  1.  The  probability  for  a 
quenching  interaction  is  shown  as  a  function  ot  C2. 
The  brackets  indicate  our  errors.  Indeed,  we  see 
that  the  probability  for  quenching  intei'action  is 
roughly  proportional  to  r"*^  or  C^,  which  we  believe 
indicates  a  dipolo-dipole  interaction  between  tiie 
terbium  and  the  holmium  ions. 


or  (dipoln-ltipoln; 

It" 


a  (d>ioU'-<iU!idrupole) 

h" 

or  J-—  fquadriipoln-fiuiulrupolo) 
If'  ' 


Thn  quantity  whicli  we  observe  experimentally  is 
The  r^bs  eomiwsed  of  (1)  an  intrinsic  fluorescence 
lifetime  Tpj,  wlilcli  is  determined  by  the  temperature 
and  cry.stal  site  symmetry  and  is  just  the  lifetime  witli- 
out  ionic  interactions  and  (2)  an  artificial  lifetime  T|„i, 
which  is  determined  by  these  Ionic  interactions.  This 
artificial  lifetime  is  inversely  proportional  to  the 
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The  other  fact  tliat  is  important  in  the  resonance 
transfer  of  energy  theory  is  that  there  be  an  overlap 
of  the  fluorescence  bands  of  'he  excited  ions  witli  Uie 
absorption  bands  of  tlie  quenching  ions. 

In  the  next  slide  ive  show  explicitly  the  terbium  fluo¬ 
rescence  lines  and  their  designations  and  the  holmium 
absorption  lines  and.  demonstrate  explicitly  the  over¬ 
lap  in  this  case. 


From  the^iterature  one  can  also  findiifelime  datafor 
TQijg.  as  a  function  of  concentration.  The  one  case  in 
the  literature  which  we  reduced  by  the  method  de¬ 
scribed  above  was  performed  for  concentration 
quenching  of  the  neodynilum  ion  in  sodium  gadolinium 
bungstate. 

May  I  have  the  next  sli<^6! 


PR.  FRED  McCLUNG,  HUGHES:  Do  you  want  to  look 
at  the  overlap  of  terbium  absorption  witli  holmium 
fluorescences  instead  of  terbium  fluorescence  and  hol¬ 
mium  absorptions? 

DR.  HOLLOWAY:  No.  The  energy  goes  from  terbium  to 
holmium. 

Tills  is  lifetime  data,  plotted  versus  C’  2  and  the  graph 
is  just  inverted  from  those  previously  shown.  Instead 
of  the  probability  for  quenching  interaction.  I  have 
plotted  +  which  on  this'  slide  I  call  '^q^gn. 

Wo  are  measuring  the  lifetime  of  tlie  neodymium  ion 
as  quenched  Dy  other  neodymium  ions.  For  cases 
where  there  are  small  concentrations  of  the  neodymium 
ions,  again  it  follows.  C"2  deijendence.  and  indicates 
a  dlpoIe-dipole  Interaction.  For  higher  concentrations 


this  dependence  changes  and  becomes  linear  in  concen¬ 
tration.  We  believe  tiiat  this  is  due  to  tVe  filling  of  the 
nearest  neighbor  sites.  In  this  case  you  have  the  energy 
drained  off;  the  physical  analogy  would  be  parallel  re¬ 
sistors  on  a  capacitor;  and  you’d  e.xpect  it  to  be  linear 
witli  concentration, 

PROF.  SOHAWLC'W:  At  wliat  concentration  does  that 
happen?  These  are  the  concentration  of  percent  squai'ed  ? 
DR.  HOLLOWAY;  Ye.«.  inverse.  There  should  be  a 
minus  two  here  (i.  e.  in  this  slide).  This  data,  by  the 
way.  is  from  Peterson  and  Bridenbaugh.  Applied 
Physics  Letters.  4  173(1964). 

Now.  I  would  just  like  to  digress  briefly  and  report 
some  work  we  have  done  on  solutions.  Because  solu¬ 
tions  are  so  easy  to  make  I  usually  do  my  preliminary 
work  on  them. 

DR.  NATHAN  T.  MELAMED:  Are  you  looking  at  the 
neodymium  fluoresce  ices  all  the  while? 

DR.  HOLLOWAY:  This  is  the  lifetime  of  the  neo¬ 
dymium  fluorescen.’es  (i.  e.  on  slide  5). 

DR.  MELAMED:  Shouldn’t  it  reach  a  stable  lifetime 
at  some  point  where  there  are  no  interactions? 

Shouldn’t  the  lifetime  reach  a  constant  value? 

DR.  ..OLLOW.\Y:  Yes.  true-  That  is  why  on  my 
ortginaldata  the  curve  f  ul  over,  it  is  just  aquestion-- 

DR.  MELAMED;  You  just  didn' t  show  it  on  the  second 
curv'e. 

DR.  HOLLOWAY:  I  didn’t  show  their  original  data 
just  tlie  reduced  data. 

DR.  ROBERT  C.  OHLMaN:  Does  the  holmium  fluo¬ 
rescence  inarerse? 

DR.  HOLLdWA''';  There  is  no  holmium  fluorescence 
in  this  particular  system. 

“  Dfl.  OHLMAN:  The  terbium-holmiura-- 

DR.  HOLLOWAY:  That  is  right  It  just  turns  out  in 
these  crystals  tliere  is  no  fluorescence  observed. 

'  In  the  next  slide,  tlie  radial  dependence  of  the  quenching 
of  tlie  Ti^  fluorescence  by  holmium  ions  in  agneous 
chloride  solutions,  or  Tqyg^.  is  plotted  versus  the  in¬ 
verse  concentration,  squared.  We  see  the  data  Ls  much 
more  consistent,  an  indication  that  it  is  a  lot  easier 
experiiheiitally  to  do  these  studies  in  solutions. 
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In  these  experiments  I  have  been  obtaining  an  estimate 
of  the  probability  for  quenciiing  interaction  from  the 
lifetime  measurements, 

Now,  the  actual  amount  of  overlap  of  ihe  fh  -rescent 
linos  of  the  terbium  ion  and  the  absorpiio'  lines  of 
the  holmium  ion  or  some  other  icn  wilialso  .'etermine 
this  quantity,  i.  e. ,  the  probability  for  quenching  inter¬ 
action.  So  I  have  performed  the  integration  of 
overlap  numerically. 

The  next  slide  shows  the  fluorescence  of  the  terbium, 
and  the  absorption  spectra  of  several  rare  ions.  The 
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ratio  that  I  have  on  the  far  side  here  is  the  ratio  of 
tile  probability  for  quenching  interaction  as  determined 
from  the  lifetime  measurements  divided  by  the  quan¬ 
tity,  the  probability  for  quenching  interaction  is  de¬ 
termined  from  the  overlap  integrals.  The  reason 
that  I  haven't  given  a  value  for  neodymium  is  because 
the  agreement  in  very  bad.  However,  this  is  almo.st 
raw  data,  and  there  are  several  corrections  which  I 
haven't  u.sed.  This  method,  appears  promising  and 
we  are  working  on  this  same  sort  of  thing  in  solids. 

PROF.  McClure  :  What  kind  of  quenching  do  you 
think  this  i...,  radiative  capture? 

OR.  HOLLOWAY:  No,  non-radiative.  You  can  tell 
this  by  looking  at  the  photographic  plates.  If  it  were 
radiative  capture,  you  would  see  one  line  missing. 

This  concludes  what  I  wanted  to  say  on  the  quenching 
experiments.  Now  I  will  tallc  about  the  energy  ex¬ 
change  between  rare  ions. 

Our  original  experiments  were  done  on  the  terbium- 
europium  ions'  energy  exchange.  Again  this  seems 
just  anr-tlier  manifestation  of  this  resonance  transfer 
of  energy  and.  from  our  previous  experience,  requires 
an  overlap  of  the  fluorescence  lines  with  the  absorption 
lines. 

May  I  have  the  next  slide. 

On  the  top  two  lines  are  the  optical  characteristics  of 
terbium.  Here  is  the  absorption  line.  These  are 
fluorescence  lines-  These  are  taken  from  densitom¬ 
eter  tracings  of  photographic  plates.  The  fluorescence 
is  over-exposed  and  therefore  appears  broader  than 
it  is  in  tact. 

I  wanted  to  demonstrate  here,  that  there  is  an  overlap 
between  the  absorption  lines  of  europium  and  terbium 
fluorescense  lines.  The  bottom  line  of  the  slide  has. 
the  same  data  tor  .he  europium  ion.  The  mixed  crys¬ 
tals  contain  both  europium  and  terbium  and  are  irra¬ 
diated  with  monochromatic  light.  One  sees  the 
scattered  radiation  in  a  region  where  there  are  no 
absorption  levels  of  europium.  The  absorptioh  takes 
place  Into  an  absorption  level  of  terbium,  but  we  see 
fluorescence  characteristics  of  europium  fluorescence 
and  not  of  terbium  fluorescence.  This  is  the 
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demonstration  of  energy  transfer  by  selective  absorp¬ 
tion  in  one  ion  and  observing  tlie  fluorescences  in 
the  second  ion. 

Now  in  the  next  slide  1  show  energy  transfer  among  a 
group  of  ions  tliat  have  been  studied.  Tliese  four  Ions 
have  visible  fluoresrencfc.s  in  this  sodium  rare-earth 
tungstate. 


VVe  have  observed  as  shown  on  the  next  slide  dramatic 
changes  in  the  manganese  fluorescence  intensity  v  ith 
temperature.  In  fact,  we  are  able  to  distinguish  be¬ 
tween  two  regions.  There  is  one  very  abrupt  region, 
corresponding  to  roughly  one-half  tlie  N6el  tempera¬ 
ture  and  the  ^mailer  region  at  roughly  N&el  tempera¬ 
ture  in  Mn  F2. 


Host 

Na^Ln^WO^  Ln  =  irivaleni  rare  earth 

Expected  Transfers 


Dy  -  Tb  -  Sn  -.  Eii 

1 

5 

Observed 

Questionuhle 

1 

Dy  -  Tb 

Dy  —  Cxn 

Si 

Tb  -  Sn 

NoL  Observed 

X 

Tb  -  Ell 

Dy  -  Eli 

i 

Sm  -*  Eu 

«  «  N  W 


We  assumed  that  the  transfer  would  proceed  in  the 
following  manner.  The  transfer  was  oxpecsed  to  pro¬ 
ceed  from  a  higher  excited  (i.  e.  fluorescent)  level  to 
the  lower  excited  (and  excited)  level  of  second  ion. 
Therefore  the  transfer  was  expected  to  proceed 
Dy3t-Tb3+-Sm'3f  'Eu3t. 


We  have  actually  observed  by  tlie  method  of  selective 
excitation,  the  energy  transfers  listed  on  the  slide. 
The  one  which  I  iiave  marked  (luestlonable  almost  cerr 
tattny  IflTOlves  a  transfer  of  dysposiun’  to  samarium. 
But  In  method  of  selective  excitation  it  appears  that 
the  energy  goes  back  to  tlie  dysposium  ion  from  the 
samarium  ions.  There  is  a  ladder  effect  to  get  rid  of 
the  excitation  energy.  The  one  case  where  we  do  not 
observe  energy  transfer  is  the  case  of  Dy3+  —  Eu3+. 
And  again  this  data  is  consistent  with  this  resonance 
for  transfer  of  energy  idea. 


DR.  OHLMAN:  How  do  you  determine  the  ladder  effect 
and  separate  that  out  from  no  transfer  at  all? 

DK.  HOLLOWAY:  That  is  why  I've  marked  it  question¬ 
able.  I  don't  know  yet  Uiat  this  is  true.  But  I  intend 
to  establish  this  meclianism  by  just  increasing  the 
concentrations  and  examining  the  lifetimes  of  the  in¬ 
dividual  ions.  It  should  show  up  there,  but  it  is  still 
que.stionable  on  this  chart. 

That  is  all  I  would  like  to  .say  about  work  on  the  rare 
ion  fluorescence  and  the  interactions.  Again,  the 
energy  transfer  and  the  quenchings  both  seem  to  be 
manifestations  of  this  resonance  of  transfer  of  energy 
and  all  the  cases  which  we  have  studied,  this  seems 
like  a  consistent  mechanism. 

Next  I  shall  comment  briefly  on  tlie  fluorescences  in 
concentrated  manganese  systems.  This  ion  is  an  ex¬ 
ample  of  transition  metal  ion  which  is  strongly  .eelf- 
qitenched  at  high  concentrations  at  room  temperature 
and  also  it  has  appreciable  Stokes  shift. 


There  is  also  a  small  change  in  RbMn  F3  at  roughly 
the  Neel  temperahire.  Again  atroughiy  half  the  Nfsel 
temperature  a  lai-ge  and  abrupt  cliange  occurs  In 
RbMn  F3. 

The  ne.xt  slide,  please.  Associated  with  these  changes 
'  in  intensities  are  changes  in  color,  which  are  demon¬ 
strated  by  this  slide.  We  show  here  the  peak  value  of. 
"  the  fluorescence  as  a  function  of  temperature.  You 
--"-■-eaa  actually  see  liiis  color  cnarige  hna  it  Is  quite  dra¬ 
matic.  It  goes  from  a  red  in  the  high  temperature 
'  region  to  an  orange  color  in  the  low  temperature  region. 
It  is  quite  abrupt  with  temperature. 


Wc  attribute  the  changes near  the  N6g1  temperature 
to  (he  magnetic  opening.  The  much  more  rapid  and 
driimatic  changes  at  lower  temperature,  we  attribute 
to  an  ordering  of  the  excited  state  of  the  manganese 
iort.  When  the  manganese  ioti  is  excited,  the  exc.ited 
state  will  have  a  wealier  interaction  with  surrounding 
ground  state  manganese  ions  than  the  manganese 
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ground  state^^mangane.'O  ground  sfate  Interaction.  We 
believe  therefore  that  the  ordering  takes  place  at  a 
lower  temperature  and  is  the  ordering  of  excited  man¬ 
ganese  ion. 

We  have  some  other  evidence  that  this  might  be  the 
case.  But  this  is  far  afield  from  the  topic  I  am  dis¬ 
cussing  here. 

In  summary,  as  far  as  the  rare  earth  ions  are  con¬ 
cerned,  we  have  evidence  and  all  of  our  results  are 
consistent  with  the  resonance  (or  transfer  of  energy. 
For  the  manganese  systems  the  situation  is  much  more 
complicated.  We  believe  that  the  larger  changes  occur 
because  of  the  coupling  to  the  Stokes  shift  of  the  man¬ 
ganese  fluoresccrro,  that  this  Stokes  .shift  serves  as 
an  amplification  of  these  other  effects,  I.e.  the  ex¬ 
cited  st.de  ordering  of  the  manganese  ion. 

Any  tiue.stions? 

DR.  B.  DiBARTOLO:  You  found  the  intensity  consist¬ 
ently  proportional  to  the  fluorescent  lifetime? 

DR.  HOLLOWAY:  Yes.  May  we  go  back  to  the  pre¬ 
vious  slide. 

Keep  this  slide  in  mind  and  put  this  next  slide  in  the 
projector.  This  is  the  intensity  and  then  the  lifetime 
you  find  here. 


Now,  if  you  hold  these  two  slides  so  they  overlap, 
mere  Is  a  direct  superposition,  of  the  lifetime  and 
the  intensity  in  the  regions  of  change.  We  seem  lobe 
.seeing  a  very  rapid  temperature  quenching  of  this  ex¬ 
cited  state  in  this  region. 

DR.  DiBARTOLO:  I  have  another  comment  to  make. 

I  think  Professor  Shawlow  has  seen  changes  of  the  line 
sliape  of  the  europium  fluorescent  as  a  function  of  the 
concentration  of  an  additional  neodymium. 

PROF.  SCHAWLOW:  1  can  discuss  that  later. 

DR.  CHARLES  .NAIMAN:  I  think  perhaps  I  would  like 
to  add  something  on  this  last  topic.  I  don’t  know  if  it 
is  outside  of  the  topic  of  the  conference.  I  think  it 
may  be  partly  a  crystal  field  effect  that  is  going  on  and 
this  is,  if  you  take  a  look  at  the  orbital  diagrams  for 
manganese  systems,  there  is  a  very  interesting  ex¬ 
cited  stale  relationship  not  too  far  from  the  region  of 
fluorescence  that  occurs  hero. 

For  those  of  you  who  are  familiar  with  this,  you  take 
.1  look  al  the  ground  state,  which  is  a  ®Ai  and  your 
level  which  is  supposedly  givingyour  your  fluorescence, 
V"ur  hroad  fluorescence  I  think  this  is  a  “^Tistale,  if 


you  lake  a  look  inabout  u  egion  where  your  relation¬ 
ships  occur,  especially  if  you  talce  into  account  the 
Stokes  shift  in  tlie  excited  state  and  any  changes  in 
size,  then  you  will  find  tliere  is  anotiver  doublet  state 
Whicli  evidently  becomes  the  ground  state,  wiiich  is 
not  too  far  away,  and  I  was  wondering  it  you  considered 
the  crystal  field  effects  when  you  are  quite  close  to 
these  and  they  will  be  affected  by  spin-over  interac¬ 
tions  and  vibrations  on  top  of  that,  especially  some  of 
your  depopulation  in  terms  of  thermal  effect  seem  to 
be  perhaps  due  to  the  fact  that  these  will  interact  and 
you  will  get  many  levels  involved  here  and  then  by 
small  changes  in  size  you  can  end  up  with  localized 
minimums  which  are  not  too  different  from  the  minima 
you  postulated  with  your  magnetic  interaction.  And  I 
just  don't  know  if  you  have  ever  considered  .some  of 
these  effects.  These  are  crystal  field  effects. 

DR  HOLLOWAY;  Yes,  we  haven't  considered  effects 
such  as  those  mentioned  by  Dr.  Nalman.  One  thing 
would  bother  le  about  this  explanation.  We  see  these 
effects  in  i  the  alkali  manganese  trichlorides  and 
all  the  alkali  manganese  trichlorides,  except  for  the 
Li  members  of  these  series,  it  would  be  too  much  to 
expect  that  this  would  always  happen. 

DR.  NAIMAN;  I  tliink  the  major  question  tluit  comes 
up  is  there  may  be  a  magnetic  interaction  between 
these  two  states. 

DR.  HOLLOWAY;  There  is  another  thing  I  didn't  want 
to  discuss  here.  I  have  a  slide  for  it  however. 
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It  is  a  Utticf  compUcatocl,  but  there  are  ktiov'n  temper¬ 
ature  dependent  shifts  in  this  nickel  absorption  lines 
tliat  are  apparently  related  to  the  magnetic  ordering, 
e.  g.  in  potassium  nickel  fluoride  and  nickel  fluoride. 
We  liave  put  nic.kel  ions  in  a  manganese  host  and  we 
sec  a  change  in  the  nickel  absorption  which  seems  to 
take  place  between  the  Nfeel  temperaturo.s  of  the 
manganese  host  and  the  pure  nickel  .-ompound.  We 
tliink  we  are  seeing  some  sort  ol  ordering  related  to 
the  effects  seen  in  the  Mn2+  loir  fluorescence.  Tlic 
nickel  ion  and  the  surrounding  manganese  ions  for  a 
local  ordered  cluster.  Tiie  ordering  occurs  above  the 
liost  ordering  temperature  because  of  the  stronger 
Ni-Mn  interaction  compared  to  the  Mn-Mn  interaction. 
Further,  we  think  we  can  measure  the  nickel- 
manganese  exchange  constant. 

DR.  NAIMAN:  One  thing  I  think  would  help  determine 
this  is,  first  of  all,  there  is  some  question,  I  think, 
wliere  tlie  exchange  effect  is  strongest,  be  ause  there 
is  some  question  as  to  whether  it  is  expanded  in  the 
excited  state  or  contracted,  wliicli  is  definitely  some¬ 
thing  that  is  not  decided  yet. 

PROF.  McCLURE;  Or  just  distorted  or  both,  in  other 
words? 

DR.  NAIMAN:  Right.  And  so  you  may  not  be  able  to 
deline  some  sort  of  mean  exchange  integral.  But  tlie 
otlier  tiling  is  if  you  pump  very  hand  on  your  system 
and  get  a  large  population  in  your  excited  state,  you 
might  see  effects  of  excited  pairs  which  would  be  - 
which  would  change.  I  mean  if  you  are  getting  such 
a  dramatic  effect  with  one  of  them  surrounded  by 
ground  state  ions,  if  you  pump  still  higher  and  you  get 
enough  excited  ones  you  should  see  still  further  dra¬ 
matic  changes. 

DR.  LOHR:  I  would  like  to  address  a  question  to  Dr. 
Naiman.  I  think  tliat  doublet  T2  you  mentioned  is  a 
little  bit  low  down  in  tlie  dlagraiu,  Dldy.Qafip.d.4ttr. 
this  region  by  numerical  calculation? 

DR.  NAIMAN:  No.  I  might  say  we  have  not  done  any 
calculation  on  this  system.  We  have  just  noticed  it  is 
there  and  it  might  possibly  Interact. 

DR.  LOHR:  I  see.  Our  fitting  scheme  includes  all  the 
spin  doublets  in  manganese,  as  well  as  the  quartets; 
as  I  recall  it,  where  wo  have  ligands  like  oxygen  or 
fluorine  - 

DR.  NAIMAN;  If  you  are  to  the  left  — 

DR.  LOHR:  No,  the  lowest  doublet  la  a  doublet  Tg, 
as  you  s.'iy,  it  comes  somewhere  between  20, 000  wave 
numbers  to  27,  000  pcrliaps.  It  should  not  be  down 
around  17,  000  wave  numbers  la  MnF2. 

DR.  NAIMj\N;  Have  you  considered  spin  orbit  effects 
between  the  doublets  and  quartets  and  other  distortion? 
I  mean  they  may  be  quite  — 


DR.  LOHR;  I  have  considered  spin  orbit  effects  from 
doublets  to  certain  quartets,  but  I  think  in  the  case  of 
manganese  fluoride  since  lODqis  less  than  10,000 
wave  numbers,  there  would  be  ho  doublets  in  this 
region. 

VfjL.  NAIMAN:  Just  reveise  this  system.  In  other 
words,  don't  talk  about  necessarily  energy  going  from 
this  state  to  this,  you  can  have  it  going  from  this  state 
to  this  in  steps.  I  don't  know,  I  mean  this  is:  just  the 
general  phenomenon  logically,  the  topology  of  the  sur¬ 
faces  that  have  been  published  on  some  of  these  local 
minima  as  a  function  of  magnetic  ordering  I  think 
could  easily  be  invoked  in  the  same  sort  of  arguments 
associated  with  distortions  of  the  lattice  with  spin 
orbiting  interaction.  I  don't  know.  I  am  just  wonder¬ 
ing  wliether  this  has  eve."  been  considered.  I  might 
say  we  have  not  done  any  exliaustive  studies  of  this  at 
all. 

DR.  FRED  W.  QUELLE:  I  would  like  to  case  out 
some  information  on  a  laser  that  has  operated  on 
energy  transfer.  TTiis  is  the  erbium  laser  that 
American  Optical  has  recently  operated.  I  think  it 
is  particularly  interesting,  because  you  have  such 
very  large  energy  transfer  efficiencies.  Tliey  are 
using  ytterbium  as  the  absorbing  material,  there  is 
about  fifteen  weight  percent  of  ytterbium  present  in 
the  glass  and  only  a  quarter  of  a  percent  of  er-bium, 
but  yet  they  are  getting  about  a  hundred  percent  of 
the  energy  absorbed  in  the  ytterbium  fluorescing  down 
in  the  erbium. 

Probably  from  the  point  of  view  of  this  conference  the 
most  interesting  thing  is  the  fact  you  get  such  a  large 
fraction  of  the  energy  transferred. 

PHOF.  McCLURE:  Did  you  say  ytterbium? 

DR.  QUELLE:  Ytterbium,  very  definitely,  not 
terbium.  .Mthough  ytterbium  lias  only  1  band  the 
heavy  doping  has  spread  that  band  over  hundreds  of 
Angstroms  and  you  are  absorbing  and  transferring  in 
the  same  band. 

PROF.  McCLURE:  Tills  is  the  band  in  the  infrared 
or  -- 

DR.  QUELLE:  The  transfer  occurs  around  1.06 
microns  or  1.  03  microns,  but  the  band  Is  so  broad 
that  you  are  absorbing  all  the  way  from  about  I  think 
It  is  six  or  seven  t,  ousand  Angstroms  on  down.  This 
is  due,  of  course,  to  the  fifteen  weight  percent 
con-Jnti'ation. 

DR.  BEHRINGER:  If  there  are  no  more  comments  on 
that,  maybe  we  ought  to  stop  for  a  coffee  oreak. 

(Short  recess) 


DR.  BEHRINGER;  Before  we  go  on  to  the  crystal 
field  effects  Professor  Schawlow  will  comment  on 
energy  e.\change. 

PROF.  ARTHUR  SCHAIVLOW:  I  want  to  say  a  few 
words  about  some  work  which  is  being  done  at  Stanford 
by  Dr.  W.  M.  Yen,  R.  L.  Greene  and  W.  C.  Scott, 

Tlie  system  shown  in  the  first  slide  Involves  rare 
earth  ions  in  lanthanum  fluoride.  The  samples  of 
lanthanum  fluoride  come  from  the  Vartan  Company. 
We  have  a  case  of  an  energy  transfer  not  in  the  upper 
state  but  rather  tn  the  lower  state  of  a  fluorescent 
transition.  It  does  not  quench  the  fluorescence  or 
affect  the  litetime  as  far  as  we  know,  but  instead  it 
affects  the  line  width.  The  system  which  we  observe 
is  the  praseodymium  ion  which  is  present  to  a  frac¬ 
tion  of  a  percent,  about  0. 1%.  Neodymium  ions  are 
also  present  in  controlled  fractions  up  to  about  two 
percent.  Now,  there  is  an  approximate  resonance 
between  the  triplet  Hg  lower  level  of  the  praseody¬ 
mium  transition  and  the  ^Il3/2  tn  neodymium. 

However,  the  neodymium  level  lies  about  100  v;ave 
numbers  below  the  praseodymium  level.  They  are 
not  really  In  resonance.  The  praseodymium  level  is 
sharp,  and  tlie  transition  from  the  single  level  up 
above,  the  ^Po,  has  been  shown  by  earlier  studies  to 
be  very  sharp,  about  a  quarter  of  a  wave  number  at 
liquid  helium,  _nd  to  have  a  gaussian  shape. 

So  we  start  then  with  a  level  that  is  sharp  at  low  con¬ 
centrations  and  as  more  neodymium  is  added  the  line 
assumes  a  peculiar  shape,  which  is  shown  tn  the  next 
slide. 
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It  has  still  a  center  which  may  be  gaussian  but  it  de¬ 
velops  wings  which  seem  to  have  a  more  Lorentzian 
sliaije.  There  is  also  some  line  structure  indicated 
by  the  bumps  marked. 

It  can  bo  tiiought  of,  I  think,  as  mostiy  -  as  a  combina¬ 
tion  of  Gaussian  and  a  Larentzian.  Praseodymium 
ions  are  quenched  so  rapidly  -  their  lower  stale  is 
quenched  so  rapidly  --  that  the  line  i'  broadened. 

Now,  how  to  separate  these  Gaussian  and  Lorentzian 
contributions  to  the  lino  width.  This  is  done  by  taking 
a  Fourier  transform  of  the  line  shape  about  the  center 
and  plotting  it  against  l/a>  ^  for  the  Gaus.sian  part,  you 
get  a  straight  line  on  semilog  paper.  A  Lorentzian 
line  gives  a  straight  line  on  plotting  against  l/<o.  For 
a  complex  line  you  can  get  good  straight  line  part  on 
one  plot  for  the  center  of  it  for  the  Gaussian  part  and 
a  good!  straight  line  on  the  other  plot  tor  the  Larentzian 
wing  and  so  you  derive  a  width  and  from  that  a  lifetime 
for  the  transfer  process.  The  results  obtained  this 
way  are  shown  on  the  next  slide. 

The  Lorentzian  line  width  obtained  in  this  way  is  pretty 
much  linearwith  concentration  up  to  about  two  percent. 
From  that  on  up,  actually  they  went  to  five  percent, 
tlie  line  width  levels  off. 

Now,  this  is  incoi  'ast  to  some  other  energy  transfer 
experiments  whet  »  rate  of  transfer  was  a  higher 
power  than  the  first  wer  of  the  concentration. 

Now,  what  this  means  is  at  thi.a  moment  obscure.  It 
would  seem  that  the  wings  of  tha  line  are  perhaps  most 
sensitive  to  the  nearest  neodymium  ion  and  perhaps 
may  be  a  measure  of  the  probability  that  a  near  site 
is  occupied  and  no  more  than  one  is  occupied.  When 


you  got  more  than  one  near  neighbor  site  occupied 
you  would  get  the  leveling  off. 

It  would  seem  to  me  that  you  probably  cannot  in  this 
case  assume  that  there  is  an  average  distance  for  ail 
the  neodymium  Ions  and  use  this  as  an  indication  of 
the  power  law  for  the  Interaction. 

Now,  one  more  thing  ought  to  be  said  about  this  inter¬ 
action.  It  is  not  a  resonant  transfer.  It  is  a  non- 
resonant  trarsfer,  because  there  is  several  hundred 
wave  numbe  .'s  difference  between  the  Nd  and  Pr  levels. 
It  must  involve  the  phonon  frequency  and  several  proc¬ 
esses  are  being  considered. 

One  of  these  is  simply  that  the  dipnic-dipole  inter¬ 
action  between  the  two  ions  is  modulated  by  the  l.attise 
vibrations  and  you  get  side  bands  of  the  praseodymium 
transition  at  the  neodymium  frequency. 

There  are  other  theories  in  which  the  crystal  field 
produces  the  ordinary  sort  of  side  bands  on  the  tran- 
sitjons  in  the  praseodymium  and  these  are  resonant 
with  the  neodymium.  But  that  is  not  fully  understood 
at  the  moment. 

DR.  BHAUMIC:  Where  is  the  possibility  of  a  dipolo- 
dipole  transition  between  the  vtbronic  states  and  the 
donor  state,  you  could  have  allowed  some  part  of  the — 

PROF.  SCHAWLOW:  I  think  that  is  really  what  I  meant 
by  that  second  type.  It  is  not  certain  whether  that  is 
the  common  one  or  whether  It  is  the  direct  dipole- 
dipole  interaction  as  modified  by  the  phonon  field.  I 
am  afraid  our  thinking  is  not  very  f  "•  ->•  ‘his  point 
yet. 
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(Question  Inaudible) 

The  exchange  Is  probably  small.  It  is  thought  that 
pernaps  some  of  these  bumps  which  also  show  up  in 
the  Fourier  transfer  may  be  exchanged-coupled  pairs 
but  there  is  no  thorough  analysis. 

I  might  add  one  more  quick  comment,  and  that  is  that 
tiie  word  on  the  exchange  coupled  ion  pairs,  in  fact 
I'd  like  to  mention  two  points,  the  work  on  the  ex¬ 
changed  couple  ion  pairs  in  ruby  has  come  quite  a  long 
way  even  since  we  talked  about  it  at  tiie  Berkeley 
meeting  at  Christmas  and  we  now,  Mr.  Mollenauer 
now  has  pretty  positive  identification  ol  tiie  first,  sec¬ 
ond  and  third  and  fourth  nearest  neighbors.  We  now 
believe  that  the  first,  second  and  third  are  anti- 
ferromagneticaily  coupled  and  the  fourth  are  ferro- 
magnetically  coupled. 


One  otlier  point,  Mr.  Johnson  and  Dr.  Scott  have  been 
making  measurements  on  the  absorption  line,  theshari 
absorption  line  of  Cr3+  in  MgO. 


The  sharper  line  cubic  site  there  is  known  to  give  a 
magnetic  dipole  absorption. 


The  question  was  raised  whether  it  could  also  be  a 
two  phonon  ■i!)sorptlon.  It  was  either  zero  phonon  or 
two  phonons.  They  find  that  there  is  very  little  tem¬ 
perature  dependence  in  the  integrated  absorption,  so 
it  seems  to  be  a  magnetic  dipole  even  though  the 
oscillator  strength  is  somewhat  greater  than  those 
mentioned  earlier  for  magnetic  dipole  transitions  in 
manganese. 


DR.  ROBERT  OHLMAN'':  I  would  like  to  say  a  few 
words  about  some  experiments  we  have  been  doing. 

We  have  been  studying  tlie  energy  transfer  in  gadolin¬ 
ium  aluminum  oxide,  and  tliis  is  an  interesting  liost 
for  a  number  of  reasons.  First  of  all,  in  very  con¬ 
centrated  gadolinium  material  you  would  find  an  ab¬ 
sorption  in  the  gadolinium  lines,  of  course.  We  liave 
put  cliromium  in  tliis  material  and  neodymium  in  tlTs 
material  separately  and  together.  First  of  all,  let's 
consider  tiie  chromium  specti’um.  We  find  tliat  there 
is  excitation  of  chromium  fluorescence  by  pumping 
into  tile  gadolinium  lines,  tliose  that  occur  at  2750 
Angstroms  and  3140  .Aiigstroms,  and  quite  effective 
transfer  occurs  from  gadolinium  to  cliromium.  Tliere 
is  also  the  normal  excitation  of  chromium  in  the  two 
bands  in  the  blue  and  green. 

If  you  look  at  tlie  fluorescent  spectrum  at  77'  K_.  wliich 
is  as  loiv  in  temperature  as  we  have  gone  at  present, 
you  find  the  chromium  R  line  is  split  into  five  lines, 
which  is  somewhat  unusual.  One  must  consider  the 
exchange  effects  of  the  concentrated  gadolinium  around 
each  chromium  ion.  It  seems  reasonable  tliat  if  you 
couple  the  gadolinium  ground-state  spin  with  the  spins 
of  the  chromium  ground  state  and  excited  state  you 
can  conceivably  come  up  with  the  proper  number  of 
states,  considering  selection  rules,  to  e.xplain  five 
lines.  These  lines  are  somewhat  broad  and  overlap¬ 
ping  and  ttiere  may  be  sub-lines  hidden  within  them. 

We  liave  also  put  in  neodymium  in  this  crystal  and 
energy  transfer  also  occurs  from  gadolinium  to  neo¬ 
dymium.  When  we  put  chromium  and  neodymium  to¬ 
gether  into  this  system  there  is  energy  transferfi'ora 
chromium  to  neodymium.  That  is,  if  we  pump  into 
chromium  absorption  bands,  tlie  neodymiun).  fluo¬ 
resces.  TiTrs  fs' particularly  evident  in  the  blue  exci¬ 
tation  band  around  4100  Angstroms  where  neodymium 
has  very  poor  absorption  characteristics. 

To  consider  the  rates  of  these  transfer  processes  we 
have  studied  the  decay  times  of  these  ions.  The  cliro- 
mium  decay  time  witlmut  neodymium  present  is  about 
18  milliseconds  at  77  K.  bi  tiie  mixed  crystal  the 
chromium  dec.ay  speeds  up  a  little  bit,  about  30%  at 
two  p.rtent  neodymium  concentration.  The  neo¬ 
dymium  lifetime  stays  about  the  same,  at  130  micro¬ 
seconds,  regardless  of  the  amount  of  chromium  pres¬ 
ent,  at  least  up  to  a  half  percent. 

Let  me  describe  very  briefly  the  character  of  the 
fluorescence  decay  you  get  from  neodymium  in  this 
double-doped  system.  We  have  studied  the  decay  for 
about  five  decades  of  intensity  change.  First  of  all, 
there  is  a  very  fast  neodymium  decay  of  130  (.sec 
decay  time.  After  a  few  milliseconds  the  decay  char¬ 
acter  changes  and  a  long  dec.ay  time  tall  is  observed 
which  appears  to  have  a  decay  time  of  10  to  20  milli¬ 
seconds.  The  shape  of  this  decay  curve  does  not 
cliange,  i.  e. ,  it  has  both  fast  and  slow  components, 
even  if  we  pump  just  into  the  chromium  band  at  4 '00 
Angstroms, 

Now  if  one  pumps  just  into  the  chromium  absorption 
band  and  the  only  energy  transfer  is  a  slow  transfer 
via  the  level,  one  would  expect  to  observe  only  the 
slow  component  of  the  neodymium  fluorescence  decay. 
However,  when  we  do  this  we  find  that  a  large  portion 
of  the  neodymium  fluorescence  decay  is  a  fast  decay. 
This  leads  us  to  assume  that  Cie  fast  rate  of  energy 


transfer  must  be  from  a  higher  excited  state  of  the 
chromium,  that  is  not  from  tlie  ^E  level. 

The  neodymium  fluorescence  decay  curve  cannot  be 
fitted  by  the  sum  of  just  two  exponentials.  One  needs 
three  or  more  exponentials  to  fit  its  curvature.  We 
boliei’e  tliat  the  intermediate  decay  rate  is  due  to 
ti’ansfer  "ia  either  the  pairs  of  chromiums  or  by  the 
vibronic  system.  In  tern.s  of  the  spectral  overlap  of 
the  neodymium  and  chromium  system,  the  neodym¬ 
ium  e.xcitation  line  falls  right  between  the  chromium 
single-ion  and  pair  emission  lines. 

DR.  NAIMAN:  Your  first  data  was  on  gadolinium  ? 

DR.  OHLJIANN:  1  am  talking  about  gadolinium  alumi¬ 
num  oxide. 

DR,  NAIhtAN;  And  you  put  in  some  chromium  ? 

DR.  OHLMANN:  We  put  in  chromium  and  neodymium. 

DR.  NAIMAN:  Just  tlie  cliromium  for  the  moment. 
Wiiat  is  the  trap sfer  from  tlie  gadolinium  to  chromium, 
what  frequency  does  that  occur?  Is  that  a  resonant 
transfer  or  non-resonant  one? 

DR.  OHLMANN:  It  is  not  clear  in  tliis  crystal.  Let's 
put  it  this  way,  the  excitation  of  the  chromium  is  oc¬ 
curring  at  3150  Angstroms  and  at  higher  energies. 
The  chromium  has  charge  iransfer  bands  possibly  up 
that  high. 

DR.  NAIMAN:  I  think  that  is  exactly  the  question,  be¬ 
cause  there  is  evidence  for  doublets  in  this  region  and 
the  question  is  whether  this  transfer  would  go  directly 
via  the  do’abl6tS‘to  the  state  of  it  would  go  via  the 
quartet  and  down. 

DR.  OHLMANN:  I  think  it  is  easily  said  tliat  it  is  an 
awful  big  gap  to  Jump  directly  from  the  30,  000  wave 
numbers  to  tlie  energy  at  14,  000  wave  number  . 
Much  more  likely  it  is  going  via  some  intermediate 
states  fx’om  the  doublet  state  up  in  that  region  of 
chromium. 

DR.  NAIMAN:  I  mean  to  say  doublets  up  in  that  re¬ 
gion  or  up  to  the  quartet,  blue  band  and  then  down. 

DR.  OHLMANN:  It  is  not  clear.  However,  I  can  say 
that  in  a  similar  crystal,  lanthanum  aluminate,  where 
we  looked  at  the  chr'miium  excitation  spectra,  there 
are  no  excitation  burds  around  3150A. 

DR.  HOLLOWAY:  I  tried  similar  things  on  powder 
samples  of  aluminum  oxide.  I  was  worried  about  the 
different  sites  here  and  again  I  didn’t  see  any  change 
in  tlie  lifetime  of  Hie  chromium  due  to  the  presence 
of  neodymium  so  I  concluded  it  wasn't  resonant  from 
this  state. 

My  question  is  do  you  tliink  or  have  you  tried  transfer 
from  a  non-lluorescentchromlum  into  the  neodymium? 

DR.  OHLMANN:  What  do  you  mean  by  non- 
fluorescent? 

DR.  HOLLOWAY:  Well,  chromium  doesn't  fluoresce 
in  everything  you  put  It  in,  it  requires  special  sym¬ 
metry.  If  you  put  It  in  a  host  In  which  it  didn't 
fluoresce  could  you  try  and  pump  into  the  chromium 
and  see  if  you  get  transfer  that  way? 
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DR.  OHLMANN:  But  U  the  chromium  is  not  fluo- 
re.sccnt  and  transfer  does  occur,  that  doesn't  neces¬ 
sarily  tell  us  Cl  Dm  which  state  the  transfer  is 
occurring. 

DR.  HOLLYWAY;  Yes,  sure. 


DR.  OHLMANN;  Experimentally  wa  haven't  tried  any 
samples  in  which  chromium  was  not  also  fluorescent. 


DR.  HOLLOWAY;  It  just  struck  me  as  something  that 
might  be  interesting. 
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DR.  NAIMAN:  The  subject  of  our  investigations  sur¬ 
rounds  a  particular  concept  called  the  Ligand  Field 
Maser  Principle*.  In  presenting  this  material,  I 
would  like  to  skim  through  a  number  of  topics  that  we 
have  investigated  based  on  tliis  same  central  idea, 
and  finally  localize  on  a  particular  one  which  involves 
magnetic  susceptibility  data  on  lanthanum  cobaltate. 
After  that.  Dr.  DiBartolo  will  take  over  and  go  into 
some  specific  heat  calculations  of  the  same  system 
and  also  discuss  some  of  the  maser  properties  of 
this  type  of  device. 

Our  main  object  is  to  study  a  new  method  of  produc¬ 
ing  population  inversion.  Tiie  method  utilizes  inter¬ 
nal  electric  fields  in  crystals  and  molecules  due  to 
tile  nearest  neighboring  ligands  and  therefore  we  call 
it  variation  of  ligand  field.  It  is  based  on  the  fact  that 
the  order  of  energy  levels  of  an  electronic  system  de¬ 
pends  upon  the  symmetry  and/or  intensity  of  the  sur¬ 
rounding  ligand  field.  For  ions  near  a  changeover  or 
crossover  of  energy  levels,  if  one  can  vary  this  field 
within  the  relaxation  time  of  the  system  then  one  can 
produce  a  population  inversion  between  tlie  levels. 


Here  we  simply  have  the  two-level  system.  We  have 
some  initial  ligand  field  or  crystal  field  Ai  and:  we  go 
rapidly  from  this  condition  to  the  final  condition  A[. 

If  we  can  produce  this  within  the  relative  relaxation 
time  of  tlie  system  we  can  produce  a  popvalation 
inversion. 

Now,  a  simple  equation  that  could  illustrate  these  en¬ 
ergy  levels  is  tetragonal  variation  due  to  distortion  of 
a  cube  along  the  z-axis. 

Assume  that  we  have  a  level  that  is  triply  degenerate 
in  cubic  fields  due  to  the  equivalence  of  the  three  ax¬ 
ial  directions  x,  y,  z.  We  now  consider  what  happens 
to  the  energy  levels  as  one  distorts  along  the  z-axis. 
It  Is  not  too  hard  to  see  tliat  if  an  axial  elongation 
(that  lengthens  z  with  respect  to  x  and  y)  produces  a 
splitting  of  the  energy  levels  corresponding  to  A ;, 
then,  an  axial  contraction  of  thi.s  .same  z  direction  with 
respect  to  x  and  y,  will  produce  an  inversion  of  these 
energies,  corresponding  toA[. 

LIGAMD  riELD  VARIATION  SELEVAMT  rREQUENCIIS  PUMP  METHOD 


Now,  this  means  that  one  .asiJect  of  our  investigation 
has  lieen  on  the  dynamic  properties  of  energy  levels 
near  the  crossover  region.  However,  another  basic 
objective  was  to  utilize  the  fact  that  small  changes  of 
the  ligand  field  at  the  ground  state  crossover  give 
largo  changes  in  the  properties  of  this  electronic  sys- 
.~tem.  Therefore,  even  statically,  you  can  deduce  ex- 
[jorimentally  information  that  can  shed  light  on  the 
basic  crystal  field  theory  itself;  on  approximations 
sucli  as  the  various  types  of  crystal  field  calculations, 
use  of  parameters,  etc. 

We  can  visualize  the  getiefai  idea  here  by  a-‘Simpl&’  -'=  "" 
diagram.  May  I  have  the  first  slide. 


*Patent  Pending 


L  Tri^oMl,  •(&  Mtcfowkva  doM  Uactroelrictive,  etc. 

Z.  toukalty  r»r  m  dw*  D«ctr0«trietlv«.  Me. 

J,  SymnMtrr  Tj*  T.  J  OF«ic*>  OtamlcaJ 

^  ^  Cr-^kUnoirkiAU.  MC. 


You  can  classify  the  various  types  of  ligand  field 
variation  conveniently  as  outlined  in  the  next  slide. 
For  example,  we  can  talk  about  exactly  the  method 
we  have  just  .nentioned,  small  valuations  of  symme¬ 
try  such  as  trigonal  and  tetragonal  distortions.  We 
— ’'-’iroiEt  look  at  ho#  large  a  frequency  cliange  do  you  get 
when  you  produce  such  chang  For  me  al  ions  in 
crystals,  these  fall  typically  ii.  he  microwave  and 
down. 

As  an  aside,  il  is  interesting  lo  mention  that  a  '■tu- 
dent  of  Professor  Bloember gen's  many  years  ago, 
in  studying  the  paramagnetic  resonence  of  nickel 
fluOsilicate  applied  hydrostatic  pressure  to  this  crys¬ 
tal  which  has  trigonal  symmetry.  However  the  crys¬ 
tal  didn’t  squeeze  hydrostatically,  and  in  fact  he  thus 
changed  the  order.'^  of  tlie  ground  state  energy  levels 
and  produced  an  inversion  of  these  energy  levels. 

For  many  reasons  this  is  i ’t  the  most  interesting 
system  to  actually  study. 

Then  we  can  take  a  look  at  tlie  metliod  that  is  much 
more  imixirtaiit,  namely,  variiction  of  the  ligand  field 
Intensity  or  .'c  strength  of  the  crystal  field,  called 
lODq  or  /•  .  /.epending  on  the  notation  you  happen  lo 
use).  Dcsec!  on  the  simple  point  charge  model,  for 
A,  a'd  looking  ai  the  magnitudes  of  distortions  and 
crystals  in  which  you  can  produce  variation  of  the 
nearest  neighbor  distance  with  piezoelectric  effects, 
you  find  that  the  fr'-  IR  and  high  microwave  region 
appears  to  be  a  reasonable  region  for  the  maser 
output. 

Then  we  can  go  to  a  system  which  is  entirely  differ¬ 
ent  in  design  though  similar  in  concept,  namely 
where  one  changes  the  symineirv  of  tlie  nearest 
neighbors  drastically.  There  are  a  number  of  mole¬ 
cules  that  go  through  such  as  a  function  of  tempera¬ 
ture  and  pressure.  Here  we  envisage  the  physical 
system  essentially  a  chemical  laser.  One  can  show 
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tliav  in  certain  systemi  you  exi»cl  the  conversion  to 
to  produce  more  prodi  cts  in  excited  electronic  states 
than  in  the  ground  state.  This  id  particularly  true  for 
cases  such  as  tlie  d®  ion,  wliere  you  have  certain  spin 
selection  rules  that  help  guarantee  this. 

Based  on  this  general  approach,  we  have  surveyed  the 
literature  and  we  have  found  what  appear  to  be  about 
forty  odd  promising  cases.  With  limited  funds  you 
have  to  make  a  decision  and  we  have  chosen  tor  our 
first  efforts  a  combination  of  2  and  1.  More  specifi¬ 
cally  we  are  studying  the  crossover  Co+3  (d®),  Which 
is  expected  to  occur  in  perovskile  oxides. 

In  order  to  give  you  an  appreciation  tor  the  types  of 
things  on  which  we  have  concentrated  in  this  investi- 
giition,  I  will  just  briefly  list  some  of  them,  and  Iwill 
be  happy  to  go  into  detail  in  any  of  tliem  if  there  are 
any  questions.  For  example,  we  have  looked  at  the 
octahedral  ground  state  energy  levels  in  the  crossover 
region  and  talcing  into  account  spin  orbit  interactions 
to  the  second  order. 

Tlien  we  liave  also  looked  at  the  magnetic  susceptibil¬ 
ity  of  the  ions,  d"*,  d^,  d®,  and  d'^,  which  are  known 
to  have  at  least  two  different  ground  states.  The 
reason  is  that  we  obviously  wanted  to  cover  as  many 
materials  as  we  could  and  we  liad  to  find  rapid  exper¬ 
imental  techniques  to  find  a  way  oi'  knowing  how  close 
we  were  to  the  crossover.  One  of  ttiese  is  by  the 
change  in  magnetic  properties  of  our  ions. 

Then  we  have  looked  at  tlie  optical  absorption  proper¬ 
ties  of  these  same  systems.  As  it  turns  out,  one  often 
will  find  an  absorption  of  one  ground  state  overlapping 
with  the  absorption  of  the  other  ground  stale.  This  can 
bring  to  mind  to  many  of  you,  I  am  sure,  many  inter¬ 
esting  applications  of  such  a  material  where  a  small 
change  of  exlernai  electric  field  changes  the  absorp¬ 
tion  properties  dramatically.  We  have  looked  into 
such  overlapping  effects  as  these  occur  in  these  d^, 
d5,  db,  and  systems. 

In  addition  to  the  optical  d''  — d"  transitions,  a  much 
more  dramatic  change  occurs  in  the  higher  near  UV 
and  UV  region  due  to  so-called  "charge  transfe’"' 
transitions.  If  one  studies  the  two  different  ground 
states  it  is  possible  to  show  that  there  will  be  large 
changes  in  the  optical  absorption  of  the  ;liarge  trans¬ 
fer  region.  Here,  by  electron  or  chai’ge  transfer  I 
mean  taking  an  electron  from  one  of  the  centr.al  metal 
ions,  and  moving  it  on  to  the  ligands  or  from  the 
ligands  or  from  the  ligands  on  to  the  central  metal 
ion.  The  two  different  ground  states  are  very  differ¬ 
ent  in  their  electronic  configuration  and  in  their  chem¬ 
ical  stability.  Therefore,  in  some  cases  it  is  easier 
to  remove  an  electron  wliile  in  the  other  ground  states 
it  is  much  harder  to  remove  an  electron.  Conse¬ 
quently  tlie  optical  absorption  moves  way  out  toward 
the  UV  region. 

rlxperimentally,  the  high  point  of  our  most  recent 
w  rrk  has  been  the  growtli  of  a  single  crystal  lanth¬ 
anum  cobaltate  where  we  have  been  able  to  find  and 
measure  a  very  characteristic  lemiierature  depend¬ 
ence  from  4.2'  K  to  300"K  of  the  magnetic  suscepti¬ 
bility.  We  have  also  looked  at  other  crystals,  such 
as  Co'*'^  in  KTa03  and  in  these  cases,  for  example, 
no  temperature  dependence  was  found.  This  is  due 
to  the  fact,  as  verified  by  optical  data,  that  the  Co+3 
is  in  a  strong  field  and  therefore  you  wouldn't  expect 
it  to  be  temperature  dependent. 


To  get  a  better  evaluation  of  our  ability  to  vary  tlie 
ligand  field  we  have  performed  a  Stark  exiicilnifc:,. 
on  the  spectra  of  Co+3  j,,  KTa03,  Unfortunately,  tic- 
cause  of  the  semi-conducting  proiierties  of  the  host 
crystal,  this  was  not  too  successful.  It  is  now  Iwing 
repeated  with  other  crystals. 

We  have  measured  the  proiierties  of  cobalt  doiicd 
strontium  titanate,  and  again  found  our  cobalt  +3  in 
a  strong  field,  diamagnetic  state.  Also,  we  didn't 
find  any  paramagnetic  resonance. 

W(J  also  performed  this  experiment  with  barium  ti¬ 
tanate  utilizing  some  very  excellent  barium  titanate 
grown  by  Dr.  Arthur  Linz  of  MIT's  Crystal  Physics 
Lab  and  theie  we  found  a  considerable  amount  of  co¬ 
balt  +2.  In  recent  work  which  we  have  done  in  lanth¬ 
anum  aluminate  (to  bo  discussed  at  the  Kansas  City 
niecting)  we  have  also  found  a  considerable  amount  of 
cobalt  +2  in  addition  to  the  +3,  not  noticed  before  by 
other  workers. 

To  outline  some  aspects  of  the  theory,  in  the  next 
slide,  we  show  the  five  different  d  orbitals.  I  think 
you  can  appreciate  that  these  three  orbitals  xy,  yz, 
and  zx,  will  feel  the  effects  of  the  six  ligands  at  the 
±x,  ±y,  and  ±z  axes  much  less  ttian  the  two  x2  -  y2 
and  z*,  which  point  directly  at  the  neighbors.  There¬ 
fore  in  the  next  slide  you  see  the  actual  energy  level 
splitting  which  does  come  about  in  simple  crystal 
field  theory  in  the  cubic  field.  We  will  consider  two 
different  cases  based  on  the  relative  magnitude  of 
the  ligand  field,  A  ,  and  the  so-called  spin-pairing 
energy,  R.  Two  different  sorts  of  ground  slates  can 
occur,  depending  upon  the  value  of  A  with  respect  to 
R.  They  are  shown  here  for  the  case  of  d^,  which  i.' 
the  configuration  that  we  will  discuss  further  in  detail 


The  angular  distribution  of  the  d  orbitati. 
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Let  us  take  our  first  case  of  the  weak  '’•'eld  ground 
state  tlien  we  have  our  six  spins  assuming  orienta¬ 
tions  as  in  the  free  ion.  Three  spins  go  in  spin  par¬ 
allel  in  the  lower  T2  state  and,  tlie  next  two  go  in 
parallel  in  the  e  state  as  Hund's  rules  tell  us.  Having 
used  up  all  the  orbital  degeneracy,  tlie  sixtii  one  must 
have  its  spin  tur  ned  over  in  tlie  lower  state.  We  have 
a  5X2  ground  state. 

For  the  strong  field  case,  our  energy  separation  here 
is  so  large  that  it  costs  us  less  energy  to  put  our 
fourth  and  fiftli  spins  down  in  tlie  lower  energy  level 
or  "spin  pair"  it.  Here  we  now  have  three  spin  up 
and  three  spin  down,  and  so  we  have  a  diamagnetic 
state.  Looking  at  the  spin  change  alone,  you  cansee 
that  tlie  optical  absorption  Is  going  to  be  dramatically 
different  for  the  two  ground  states.  One  is  a  quintet 
and  one  is  a  singlet.  Likewise  the  magnetic  proper¬ 
ties  are  going  to  be  drastically  different. 


May  I  naVe  the  next  slide. 


ENERGY  LEVELS  FOR  THE  d*  ION 
IN  CUBIC  SYMMETRY 
(C/B*  4.4771 


Well,  this  slide  shows  exactly  the  condition  of  the 
last  slide,  but  on  a  multi-energy  level  diagram.  I 
am  sorry  I  have  the  d®  one,  not  the  d®.  However  we 
can  use  the  exact  same  analysis  with  one  less  elec¬ 
tron.  Aga  in  you  get  a  crossover  of  ground  state, 
which  is  the  main  point.  For  the  weak  field  you  get 
a  6Ai  state,  and  for  the  strong  field  you  get  a  2e 
state.  Again  tliere  is  a  double  spin  change,  so  you 
get  different  selection  rules  for  optical  spectra.  Be¬ 
cause  the  6ai  state  is  spin  forbidden,  all  absorptions 
are  weak.  In  addition  to  that  you  wilt  get  changing  of 
paramagnetic  properties  from  five  to  one  unpaired 
spin.  In  this  case  it  is  not  as  dramatic  as  the  d®  be¬ 
cause  both  states  are  paramagnetic,  though  with  dif¬ 
ferent  spin. 

Next  slide. 
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Much  of  our  work  involves  Co’^®  in  octahedral  oxygen 
coordination.  We  have  used  as  a  standard  the  work 
by  Professor  McClure  on  Co+3  in  Ai20g  however  we 
did  refit  the  levels.  We  find  that,  whereas  we  very 
wholeheartedly  recommend  more  sophisticated  ligand 
field  calculations  and  are  involved  directly  in  such 
work,  in  many  respects  the  simple  crystal  field  model 
if  very  adequate.  We  often  fit  our  spectra  in  order  to 
know  what  values  do  we  get  for  4,  B,  and  C  (theRacah 
parameters)  using  just  a  sir.-, pie  approximation,  just 
to  find  out  where  we  are  with  respect  to  the  cross¬ 
over,  Now,  I  thinl.  Professor  McClure  noted  in  his 
papers  on  transition  metal  ions  in  AI2O3  that  perliaps 
the  Co+5  in  AlgOg  is  near  the  crossover.  It  was  also 
of  interest  to  us  to  find  where  this  state  would  be 
found  and  we  refitted  the  experimental  results.  By 
including  configuration  interaction,  we  find  this  state 
would  be  quite  high  up  in  the  optical,  consistent  with 
a'  the  other  data  on  Co+3  oxides  that  we  have. 


In  the  next  couple  of  slides,  without  going  into  detail, 
we  will  sliow  similar  fits  of  Co+3  opticaiji  data  in  other 
crystals.  The  next  one  discusses  Co+3‘ KTaOg.  Next 
slide.  This  is  just  a  comparison  of  the  so-called  spin 
pairing  energy  which  we  take  as  2.  SB  plus  4C  in  these 
various  crystals  tliat  you  have  just  seen  through  tlie 
spectra. 

Next  slide.  Much  of  this  optical  work  has  gone  into 
just  plain  establishing  the  properties  of  these  doped 
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cryslAls  for  strong  field  and  weak  field  confiKuralions 
in  the  optical  repion.  Another  interesting  area  was 
the  charge  transfer  spectra  that  1  mentioned  earlier. 

I  think  that  witli  the  heip  of  this  slide  and  a  little 
"chemical"  intuition,  based  on  the  fact  that  closed 
and  half-closed  shells  are  particularly  stable,  we 
can  appreciate  how  this  occurs. 

Let  us  center  our  attention  on  an  electron  or  charge 
transfer,  where  we  are  removing  an  electron  from 
the  central  metal  ion  and  having  it  end  up  on  the 
ligands.  Let  us  take  two  dramatic  examples.  Let 
us  take  tiic  d5  ion  in  the  weak  field  configuration, 
where,  because  we  have  a  half  filled  d  shell,  v'c'd 
exiiect  it  would  be  chemically  stable.  This  ' 
be  shown  in  such  a  curve  by  the  fact  that  in  tneS''’  d 
line  (which  "-’fers  to  the  high  spin  ground  state,  me 


energy  associated  with  tiiis  transition  is  quite  high. 

By  contrast,  six  d-electrons  in  a  weak  field,  where 
if  you  remove  just  one  electron  you  will  end  up  with 
a  lialf-filled  d  shell,  is  much  less  stable  to  removal 
of  an  electron.  Such  a  transition  is  energetically 
much  lower  than  the  previous  one. 

However  in  the  strong  field  d®  case,  which  is  denoted 
by  the  dotted  line  in  the  figure,  we  have  a  fully  closed 
t2g  sub-shell.  It  therefore  "costs"  us  quite  a  bit  of 
energy  to  remove  an  electron.  This  absorption  will 
be  at  a  higlier  value  than  the  one  for  the  other  weak 
field  ground  state  and  so  you  get  this  shift  due  to  a 
strong,  fully-allowed  transition  which  will  occur  in 
the  near  UV  region.  These  conclusions  are  based  on 
calculations  following  an  extension  of  the  crystal  field- 
model  using  molecular  orbital  approximations. 

A  specific  crystal  that  has  brought  us  close  to  the 
crossover  region  is  lanthanum  cobaltate.  Our  ap¬ 
proach,  associated  with  interpreting  our  data,  may 
be  discussed  with  the  help  of  the  next  slide. 

EXPECTED  BEHAVIOR  OF  x  (dS  WITH  GROUND 
STATE  "CHANGE-OVER"  at  T 

o 


T  <  <  -  diamagnetic 


+  Tempcs*ature  Independent 
Paramagnetism 


T  >  >  -  paramagnetic  j  T 


T  ®  T  -  go  thru  at  least  one  maximum 

o 


A  number  of  groups  have  studied  this  crystal  and 
tliey  liave  shown  that  tlie  magnetic  moment  is  con¬ 
siderably  smaller  than  the  spin  only  value.  Others 
iiave  interpreted  some  of  tlie  properties,  esi)ecially 
a  plateau  in  susceptibility  between  400  degrees  and 
600  degrees,  as  due  to  a  ligand  field  crossover  gen¬ 
erated  by  the  thermal  expansion  of  the  lattice.  So  of 
course  this  led  us  to  investigating  the  system. 

Now,  what  is  of  great  importance  liere.  Is  that  small 
amounts  of  Co+^  are  known  to  he  central  in  the  in¬ 
terpretation  of  the  properties  of  Hie  powdered  mate¬ 
rials.  Because  of  this  we  have  made  a  careful  an¬ 
alysis  of  our  single  crystals  of  lanthanum  cobaltate 
and  find  that  they  are  less  than  a  half  percent  off 
stoichiometry.  By  studying  this  susceptibility  we 
find  an  interesting  role  played  by  other  than  cubic 
distortions  in  this  crystal.  Now  you  might  ask  your¬ 
self  what  would  we  expect  as  a  function  of  teniiiera- 
ture  of  the  susceptibility,  wliere  we  have  a  strong 
field,  diamagnetic  state  and  a  weak  field  paramag¬ 
netic  state,  and  where  the  thermal  expansion  of  the 
lattice  causes  a  ground  state  crossover? 

First  of  all,  at  very  low  temperatures  where  tlie 
crystal  is  contracted  and  you  are  in  the  strong  field 
state  you'd  expect  that  eventually  Hie  crystal  becomes 
dianiagnelic.  (Thai  is,  except  for  leliiixiraturo  and 
paraniagnelic  whicli  is  known  to  lie  considerable  for 
cobalt  complexes. )  At  very  high  temixiraturcs  we 
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know  that  it  must  drop  even  if  it  becomes  paramag¬ 
netic,  because  the  susceptibility  is  proportional  to 
1/T.  At  some  temperature,  near  Tq,  the  tempera¬ 
ture  where  the  crossover  occui's,  the  susceptibility 
would  produce  a  maximum. 

Let's  tak  1  look  at  the  next  slide  where  we  have  a 
simple,  order  of  magnitude,  calculation  of  what  you 
could  expect  from  variations  of  the  nearest  neighbor 
dis'ancs  and  their  effect  on  the  ligand  field.  In  the 
most  elementary  calculation,  one  can  assume  the 
point  charge  model.  Let  R  denote  the  nearest  neigh¬ 
bor  distance  and  the  exponent  n  will  be  anywhere  be¬ 
tween  five  and  seven.  This  is  known  to  be  a  good 
approximation  from  some  high  pressure  measure¬ 
ments  of  Drickamer  and  co-wor.:ers.  Define  a  pa¬ 
rameter,  i,  which  measures  the  variation  from  the 
crossover  point  and  you  can  then  get  a  temperature 
dependence  for  the  energy  difference  of  such  a  cross¬ 
over.  This  is  quite  straight-forward  and  is  the  basis 
of  our  calculations  of  estimates  foi-  optical  •'bsorp- 
tions  and  susceptibility,  etc. 


different  values  of  1'^,  the  crossover  temperature, 
as  defined  previously. 


TEMPERATURE  VARIATION  OF  A 


Let 

Then 


Let  6  s  ^ 

TJj«n  «  =  *  r.  a  <  1 +T.  a  7^  )  (  T  »  ) 


Next  slide.  Here  you  have  an  example  of  tlie  spin 
ofbit  interaction  between  the  two  ground  states  for 
d6.  It  turns  out,  as  was  rnentioned  earlier,  these 
two  stales  are  two  away  from  each  other  in  spin  so 
they  will  not  affect  each  other  directly.  But  there 
are  higher  states  by  which  they  can  interact  and  so 
there  is  an  Ai  state,  for  example,  that  will  arise 
from  the  ^Ai  state  and  also  from  the  ^Tg  which  will 
interact  with  each  other. 


Next  slide.  Here  is  an  example  of  the  type  of  sus¬ 
ceptibility  one  might  get  from  sucli  system  for 


Next  slide  These  are  the  d®  energy  levels  on  which 
we  should  focus  our  attention.  \Ve  begin  at  low  tem¬ 
peratures  with  the  1Ai  state,  assuming  we  are  now 
in  the  strong  field  case.  We  then  have  the  ®T2  state, 
which  is  the  next  excited  state,  the  paramagnetic, 
weak  Held  state.  Here  we  have  introduced  first  order 
spin  orbit  splitting.  We  define  our  parameter  E  as 
energy  between  the  ground  state  and  the  first  of  these 
spin-oroit  excited  states  in  an  octahedral  field.  At 
least  for  now  we  will  define  it  like  that,  and  we  will 
redefine  it  when  we  look  at  our  data  more  carefully. 


No,w  we  can  go  back  and  take  our  expression  for  sus¬ 
ceptibility  given  in  terms  of  the  parameter  E,  and 
derive  from  our  data  the  variation  of  E  as  a  function 
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of  temperature  this  is  shown  in  llie  next  slide.  From 
the  slide  one  can  see  that  E  is  nicely  linear  as  a  func¬ 
tion  of  temperature,  but  it  gtoes  exactly  tlie  wrongway.' 
One  would  expect  that  as  we  went  to  higher  tempera¬ 
tures  the  state  would  become  lowest  and  at  lower 
temperature  the  ^Ai  would  become  lowest  and  this 
data  represents  just  the  opposite!  So  we  have  to  look 
at  our  results  more  carefully. 

We  have  assumed  cubic  symnietry  and  we  derive  this 
formula  for  the  energy  level  splitting  as  a  function  of 
temperature  in  terms  of  the  susceptibility  with  only 
spin  orbit  splitting  of  the  ®T2  and  lAi  states  to  first 
order. 


T  i*K) 


Now,  the  latter  is  a  pretty  good  approximation,  some¬ 
thing  like  two  to  five  percent.  But  since  tills  does 
contradict  our  results  considerably  we  believe  that 
wliat  it  really  implies,  is  that  tlie  former  approxima-  , 
tion  is  not  valid.  Specifically,  we  believe  that  there  v- 
is  a  low  symmetry  distortion  from  the  cubic  struc- 
dure  which  is  probably  trigonal.  Then,  the 
state,  which  is  the  lowest  of  the  excited  states,  will 
be  split  further  in  such  lower  trigonal  symmetry. 

Wliat  hapiiens  is  that  this  trigonal  splitting  is  tem¬ 
perature  deiiendent  and  increases  as  you  go  d../Wn  in 
temperature  so  you  actually  bring  tlie  lowest  of  the 
excite  1  states  and  the  ground  state  closer  together 
opiwsite  to  what  the  center  of  gravity  would  actually 
do.  This  is  very  interesting,  because  it  is  almost 
exactly  what  is  found  for  chromium  in  lanthanum 
aiuminate  of  the  same  structure.  Here  too  the  tri¬ 
gonal  splitting  increases,  as  you  go  down  in  temper¬ 
ature,  almost  linearly  and  so  this  seems  to  corrob¬ 
orate  this  data  quite  nicely. 


This  work  has  led  to  a  slight  controversy  which  serves 
to  introduce  some  of  Dr.  DiBartolo's  talk.  What  hap¬ 
pened  is  that  the  research  was  presented  at  the  Mag¬ 
netism  ard  Magnetic  Materials  Conference  last  tall. 
Coincideii.dlly  two  other  groups  presented  papers  on 
the  same  material,  but,  on  the  powders,  not  single 
crystals.  Their  powder  susceptibility  implied  an  anti- 
ferromagnetic  ordering  at  around  nitrogen  tempera¬ 
ture,  something  which  our  samples  definitely  do  not 
show.  We  have  been  able  to  rule  this  out,  well  withim 
experimental  results.  Th''  question  arises  liow  can 
one  distinguish  between  '  excited  state  effect  and  a 
magnetic  ordering  effec.  One  way,  of  course,  is 
with  neutrol  diffraction  and  the  Lincoln  Lab  group  has 
informed  me  that  they  are  carrying  this  out  on  tlieir 
powders.  Other  properties  such  as  electron  para¬ 
magnetic  resonance,  NMR,  etc.,  according  to  Dr. 
Goodenough  would  never  show  up  becamse  of  a  delo¬ 
calizing  effect  that  is  the  basis  of  their  new  theory. 

We  believe  that  another  method  of  studying  this  would 
be  with  the  specific  heat  properties  of  the  system. 

Dr.  DiBartolo  will  discuss  the  specific  heat  of  such 
a  system,  which  is  also  of  gene.ral  interest  in  mag¬ 
netically  coupled  pairs. 

May  I  just  conclude  with  mentioning  that  we  have  per¬ 
formed  optical  Stark  experiments  on  the  Co+3  •  KTaOs. 
These  are  now  being  expanded  to  other  crystals  such 
as  Co^'^  SrTiOs  whose  energy  levels  ire  shown  on 
;  , Hie  next  slide.  Our  next  approach  in  the  theory  is  to 
;  look  at  some  of  the  Jahn-Teller  effects  near  these 
crossovers  to  see  what  might  happen  in  terms  of  pos¬ 
sible  distortions.  We  are  also  studying  the  maser 
properties  of  the  various  energy  level  systems.  For 
example,  we  have  been  concentrating  on  a  system 
that  might  work  on  a  natural  Q-Siwitch  principle.  On 
the  other  hand,  experimentally,  the  major  problem 
will  be  to  extend  our  quest  for  materials  at  or  close 
to  the/crossover,  Tliank  you. 
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Kl.  DI  BARTOLO:  As  Dr,  Nalinan  has  said  our  ap¬ 
proach  has  been  to  consider  systems  near  the  cross¬ 
over,  statically.  In  other  words,  we  have  examined 
the  adiabatic  chan[;es  of  certain  character  istics  when 
the  magnetic  ion  is  close  to  the  crossover. 

A  system  that  we  have  examined  is  LaCoOs;  we  have 
clone  measurements  of  magnetic  susceptibility  on  it, 
and  we  have  interpreted  them  by  assuming  a  linear 
dependence  with  temperature  of  the  energy  separation 
between  tlie  two  levels  which  are  of  interest  in  the 
plienomenon. 

Wc  tliought  that  perliaps  tliis  system  could  show  some 
characteristic  properties  if  we  considered  also  its 
specific  heat. 

May  I  have  the  first  slide,  please. 

Sjx^oific  hk  at  of  .t  Two  Level  System 


PROF.  McCLURE:  Then  spin  orbit  splitting  is  giving 
you  this  level  structure? 

DR.  NAIMAN:  Both  spin-orbit  and  triponal  perturba¬ 
tion  are  causing  tlie  splitting  of  the  ^T2  level.  I  might 
say  that  electron  paramagnetic  resonance  was  tried 
with  this  system.  The  absence  of  detectable  signal 
implies  either  a  diamagnetic  Co3+  or  a  highly  concen¬ 
trated  paramagnetic  Co3+. 

DR.  DI  BARTOLO:  The  second  slide  shows  the  tem¬ 
perature  dependence  of  the  specific  heat  of  a  two  level 
system  with  an  energy  difference  independent  from 
temperature.  This  type  of  temperature  dependence 
of  C|,  has  actually  been  seen  in  paramagnetic  salts. 

Values  of  a  <  o  correspond  to  systems  in  which  the 
ground  sfate  is  diamagnetic  and  the  lirst  excited  state 
is  two -fold  degenerate.  Values  of  a  o  correspond  to 
systems  in  which  the  ground  state  is  two-foid  degen¬ 
erate  and  the  first  excited  state  is  non-degenerate. 


We  have  here  a  two  level  system,  whose  diliercnce  in 
energy  varies  linearly  with  temperature.  The  ground 
state  is  a  diamagnetic  state  and  the  excited  state  is 
two-fold  degenerate. 

Now,  if  we  go  through  the  simple  calculation  of  spe¬ 
cific  heat  described  above  we  sec  from  relation  (3) 
that  Cj,  may  present  a  maximum. 

PROF.  McCLBRE:  This  will  be  the  V^"^  type  of 
ground  state;  is  that  what  you  have  in  mind? 

DR.  NAIMAN:  It  turns  out  in  effect  you’d  have  asing- 
let  in  tlie  trigonal  field  similar  to  what  one  has  for 
in  AlgOg,  for  which  the  doublet  is  around  a  thou¬ 
sand  cm-1  above  the  ground  state  accoraing  to  Pro¬ 
fessor  Low. 

PROF.  McCLURE:  This  is  now  Co^'*'? 

DR.  NAIMAN:  Yes,  this  case  is  Co^+ 


In  the  next  slide  the  case  b  -  o  corresponds  to  a  two 
level  system  with  an  energy  difference  independent  of 
T,.  and  the  characteristic  peak  in  C^.  We  have  also 
here  the  T  dependence  of  for  systems  with  energy 
dJference  varying  linearly  vAth  T.  For  b  =  0.  5  we 
see  that  the  peak  in  C[,  shifis  to  higher  temperatures. 
Finally  for  higher  values  cf  b  the  peak  disappears. 

The  value  of  b  =  1. 99  is  the  oi.*^  which  fits  our  suscep¬ 
tibility  measurements  for  LaCc03.  Then  for  this  sys¬ 
tem  we  expect  a  contribution  to  the  specific  heat  of 
about  0. 5  cal/mole  deg  in  the  2''’  -300°  range. 

Evidently  this  type  of  measurements  could  be  corre¬ 
lated  with  magnetic  susceptibility  measurements  and 
the  presence  or  not  of  a  peak  could  give  some  indica¬ 
tion  about  the  temperature  dependence  of  the  differ¬ 
ence  between  the  two  levels  which  are  in-volyed  in  both, 
thermal  and  magnetic  effects. 

The  next  thing  I  would  like  to  talk  about  is  the  ligand 
field  maser.  I  would  like  to  make  some  observations 
on  the  conditions  wo  liave  to  establish  to  achieve  a 
negative  temperature  in  the  presence  of  the  relaxation 
processes. 

We  may  consider  in  the  following  slide  the  simple  ex¬ 
ample  of  a  two  level  system  which  is  close  to  the  cross¬ 
over.  AE  is  the  energy  difference  of  the  two  levels. 

We  may  c:sU  p  the  parameter  that  we  change  to  pro¬ 
duce  a  variation  in  AE.  We  may,  for  example  squeeze 
the  crystal:  in  this  case  p  is  the  pressure. 

Now  we  ask  ourselves:  what  are  the  dynamical  condi¬ 
tions  of  tlie  system  as  we  go  througli  tlie  crossover? 

The  initial  conditions  are  the  conditions  of  thermal 
equilibrium,  determined  by  the  energy  difference  AEp 

As  we  go  through  the  crossover,  the  very  simple  equa¬ 
tion  (1)  tells  us  how  the  difference  in  population  be¬ 
tween  level  1  and  level  2  changes.  In  this  equation  r 
is  the  relaxation  time  relative  to  the  relaxation  proc¬ 
esses  which  try  at  any  time  to  re-establish  thermal 
equilibrium. 

Now  in  order  to  solve  this  equation  exactly  we  need  to 
know  how  tlie  energy  gap  depends  on  time  t  through  the 
parameter  p  and  how  r  depends  on  I  through  p.  .Also 
we  need  to  know  how  p  changes  with  time:  if  we  have 
an  impulse  of  pressure,  how  exactly  pressure  changes 
with  time. 
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Let  us  now  go  to  the  next  siide 


CONDITIONS  Foil  MASER  ACTION 


P  =■  P 
cryst  lost 


Wt  =  -  ^2)^1  \ryst 


W  =  A  T^ 


(1) 

(2) 

(3) 


p  _  niC  lot  Ju.  V 

“^lost  ~  Q  Q  Sw  s  cav 


(4) 


whfcx-e  we  consider  the  conditions  for  maser  action  of 
a  two  level  system.  Equation  (1)  tells  us  that  for  a 
maser  action  the  power  given  *iy  the  crystal  to  the 
cavity  sliould  be  equal  to  the  power  lost  in  the  cavity. 
The  power  lost  in  the  cavity  is  given  by  the  product  of 
the  frequency  of  oscillation  by  the  energy  in  the  cav¬ 
ity  divided  by  the  Ci  of  the  cavity,  and  the  power  given 
by  the  crystal  is  expressed  by  the  product  of  whatever 
inversion  of  population  we  have  achieved  by  the  energy 
cf  the  photon  by  the  transition  probability  by  the  vol¬ 
ume  of  the  crystal.  We  assume  a  magnetic  dipole 
type  of  transition,  as  in  Equation  (3). 

By  using  the  relation  (1)  and  replacing  Piost 
Pcryst  with  the  expres.sions  we  have  found  we  have  in 
the  next  slide  an  expression  for  the  density  of  jxapula- 
tion  inversion  we  have  to  achieve  with  a  cavity  of  a 
certain  Q  in  order  to  achieve  maser  action,  t  is  a 
shape  factor;  it  depends  on  the  type  of  mode  we  are  ex¬ 
citing  in  the  cavity.  If  we  plug  some  numbers  for  the 
relaxation  time  and  for  Q  in  Equation  (2)  we  come  out 
with  a  value  for  the  population  inversion  which  is  about 
one  and  1/2,  two  orders  of  magnitude  less  than  what 
we  have  iiefore  going  through  the  crossover,  at  the  be¬ 
ginning  of  the  pressure  pulse,  for  an  initial  energy  gap 
of  15  kilomegacycles. 


OSCILLATION  CONDITION 


In  other  words,  for  a  difference  in  energy  of  15  icilo- 
megacycles,  we  have,  in  static  condi'ions,  a  differ¬ 
ence  in  population  Nj  -  Ng  which  is  about  a  hundred 
times  tlie  inversion  of  population  which  is  needed  for 
maser  action.  So  we  have  atwot  two  orders  of  mag¬ 
nitudes  that  we  can  lose  when  we  go  through  the  cross¬ 
over. 

The  problem  is  now;  will  the  relaxation  process  allow 
xs  to  have  just  this  loss  as  we  go  througli  the  cross¬ 
over?  Far  from  the  crossover  the  spin-lattice  relax¬ 
ation  time  is  the  relevant  time.  It  is  at  the  crossover 
that  the  things  get  mixed  up. 

A  similar  problem  was  faced  by  Rimai  and  coworkers 
in  the  Research  Division  of  Raytheon.  They  achieved 
practically  an  inversion  of  population  in  the  Zeeman 
ground  levels  of  Ruby  by  suddenly  reversing  the  mag¬ 
netic  field.  They  went  through  a  kind  of  crossover; 
that  was  a  magnetic  field  crossover.  We  want  to  do 
the  same  tiling  by  going  through  a  ligand  field  cross¬ 
over.  As  they  pointed  out,  the  important  thing  is  that 
the  two  levels  involved  should  get  the  least  possible 
amount  of  mixing. 

Now,  what  mixes  these  two  levels?  Possibly  it  is  the 
spin-spin  interaction.  So  if  we  choose  properly  two 
levels  which  differ  in  their  aftective  spin  number,  pos¬ 
sibly  this  spin-spin  interaction  is  not  going  to  tie  very 
effective.  As  a  matter  of  fact,  th  ,y  achieved  inter¬ 
action  between  levels,  in  which  the  spin-spin  interac¬ 
tion  was  not  very  effective. 

I  want  to  point  out  that  the  same  broadening  mechanism 
which  affects  the  two  crossing  levels  may  mix  the  two 
crossing  levels.  If  spin-spin  is  the  broadening  mech¬ 
anism  (it  could  also  be  cross-relaxation)  we  may  want 
to  choose  crossing  levels  witii  tlie  least  jjossible  spin- 
spin  mixing. 

DR.  OHLMAN;  You  made  a  statement  tiiat  your  popu¬ 
lation  inversion  was  tv/o  orders  of  magnitude  greater 
han  some  number. 

DR.  DI  BARTOLO:  I  taiked  of  a  system  in  which  the 
difference  in  energy  levels  at  the  beginning  was  15  kilo- 
megacycles.  This  energy  gap  at  4'’K  gives  you  a  cer¬ 
tain  Ni  -  N2.  If  you  can  transfer  this  difference  in 
ixjpulations  tlirough  the  crossover  you  have  two  orders 
of  magnitude  more  than  what  you  need  to  achieve 
maser  action.  This  is  tlie  point. 


-  N2)tf  hXj  W 


where 


<ofE 

Q 


(1) 


DR.  OHLMAN:  In  that  equation,  you  had  what  lost 
time  or  what  relaxation  time?  You  have  to  assume 
some  time. 

DR.  DI  BARTOLO:  Yes,  That  T2  in  Equation  (2)  of 
last  slide  has  nothing  to  do  with  the  crossover,  that 


(Ni  -  Nj)!^  =  ^ 


Acav  \ 

Tie 

(2) 

time  is  Tg  at  the  end. 

Verystj 

Tg  [m  I  ^  Sn-Q 

DK.  OHLMAN:  What  Tg  at  the  end  did  you  assume  to 
get  this  number  for  Nj^  -  N2? 

(3) 

DR.  DI  BARTOLO:  I  assumed  10'"^  sec.  Tins  is  the 
point;  what  happens  dur’ng  the  crossover,  I  mean  all 
the  liistory  from  the  beginning  to  tlie  end  affects  Nj  - 
.it  ihe  end.  So  does  tlie  shaiie  of  the  pulse,  namely 
‘lie  V'i'y  we  go,  in  time,  through  the  varying  energy 
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PROF.  McGIiURE:  You  have  another  problem:  once 
you  do  get  through  with  a  spin  difference  helping  you 
get  through,  you  sti’l  have  the  problem,  once  you've 
gotten  there,  that  the  spin  difference  is  going  to  in¬ 
hibit  the  radiative  process  that  you  want  to  happen 
afterwards. 

DR.  NAIMAN:  May  I  show  you  an  example  that  we 
have  considered— exactly  because  of  that;  namely  a 
three-level  system.  This  is  why  much  of  what  we 
are  talking  about  now  is  in  practice  being  explored 
more  directly  with  three  level  or  multi-level  systems. 
It  turns  out  that  if  you  take  tl;eCo3+  case  in  tetragonal 
symmetry,  such  as  the  symmetry  you  get  v.'ith  the  pi¬ 
ezoelectric  crystals  we  have  been  investigating,  that 
your  lowest  states  at  the  crossover  will  give  you  an 
Ai  state  and  then  two  other  states,  1  think  an  E  and  B 
state. 

In  these  systems  you  find  that  you  can  produce  a 
ground  state,  Ai  to  cross  over,  not  one  but  at  least 
two  levels  B  and  C.  Between  the  upper  of  these  two 
levels,  C,  and  the  crossing  level,  A]^,  there  may  be 
a  fairly  large  interaction  while  A  is  fairly  forbidden 
with  the  lower  of  the  two  levels,  B.  However,  the 
transition  totween  B  and  C  is  somewhat  allowed,  so 
one  can  get  energy  out  of  it.  Thus  the  transition 
which  one  has  to  sweep  through  rapidly  where  A  crosses 
B,  Is  the  one  which  is  fairly  long-lived,  and  here  the 
upper  levels  C  to  B  become  the  oiierating  maser 
transition  rather  than  A  to  B  which  is  the  one  that  is 
doing  the  pumping  for  you.  This  is  essentially  a 
three-level  maser  based  on  the  original  Ligand  Field 
two-level  maser.  Actually,  if  you  look  at  the  orig¬ 
inal  two-level  Ligand  Field  Maser  it  really  could  be 
considered  in  time  as  a  three-level  laser.  This  is 
because  the  level  which  is  used  for  a  pump  as  a  tunc- 
Uon  of  time  can  be  considered  two  levels,  a  level 
below  and  above.  The  three  level  Ligand  Field  Maser 
then  becomes  equivalent  tc  a  tour-level  laser  .and  it 
has  many  of  the  same  conditions  and  advantages  as  a 
four-level  laser  does  overtheordlnarythree-leveltype. 

You  can  also  appreciate  that  in  the  three  level  Ligand 
Field  Maser  process,  where  A  and  C  interact  but 
A  and  B  do  not,  often  when  the  splitting  i.s  caused  by 
the  .splii-orbit  interaction  B  and  C  are  relatively  in¬ 
dependent  of  the  crystal  field  involved,  thus  you  may 
just  get  the  sharpening  effect  you  need  for  Q  switch 
operation  as  you  move  away  from  the  A-C  interaction 
region. 


As  you  can  see  from  these  characteristics,  the  spin- 
orbit  multilevel  structures  are  very  useful  and  so 
these  are  the  energy  levels  we  have  actually  calcu¬ 
lated.  It  is  just  that  our  first  calculations  on  the 
maser  device  properties  have  started  out  with  two- 
level  systems  because  the  others  are  that  much  more 
complicated. 

DR.  OHLMAN  Do  you  have  to  sweep  through  this 
transition  in  tlie  lO"'  second  time  or  faster? 

DR,  NAIMAN:  Tnis  depends  exactly  on  the  question, 
of  what  are  the  relative  relaxation  times?  Another 
point  is  that  you  don't  have  to  sweep  through  the  whole 
range  in  that  time.  This  Ls  because  the  spin  lattice 
relaxation  time,  away  from  the  actual  crossover  re- 
tion,  is  quite  ridiculously  low.  It  is  the  crossover 
part  you  have  to  sweep  through  rapidly.  Also  keep  in 
asind  the  fact  that  when  you  are  at  these  crossovers 
that  are  due  to  the  variation  of  the  intensity  of  the 
ligand  field,  your  variation  of  energy  with  respect  to 
nearest  neighbor  distance  is  very  rapid.  So  that  is 
exactly  why  we  are  bothering  with  it.  By  contrast, 
tetragonal  splittings  or  trigonal  splittings  just  don't 
vary  that  fast. 

It  is  at  just  such  an  intensity  crossover  that  you  could 
hopefully  sweep  through  this  portion  here  last  enough. 
Frankly,  we  are  lust  learning  about  this  right  now.  To 
our  knowledge  no  one  has  ever  seen  such  a  system  so 
it  is  hard  to  do  anything  but  estimate.  In  fact,  that  in 
itself  is  really  one  of  the  most  worthwhile  aspects 
ol  the  research,  just  studying  such  an  effect. 

DR.  QUELLE:  Wliat  amount  of  population  inversion 
in  ruby  might  you  get? 

JDR.  DI  BARTOLO-t  Biene  i&  na  data,  on  that  ir,  the 
Raytheon  paper. 

DR.  QUELLE:  Because  I  think  that  might  give  one 
some  clue  of  the  extent  to  which  tliis  relaxation  takes 
place  when  those  levels  cross. 

DR.  NAIMAN:  Except  for  ilie  simple  fact  that  you 
don't  have  the  same  type  of  stales  for  the  two  cases 
at  all. 

DR.  OHLMAN:  I  could  answer  the  question .  With 
this  fast  passage  you  are  talking  about,  100%  Inver¬ 
sions  arc  quite  possible  ai.d  seen  quite  often. 
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DR.  BEHRINGER:  Wj  are  ready  to  go  to  the  gases, 
starting  out  with  Prof.  Marsliall. 

PROF.  THOMAS  C.  MARSHALL:  As  you  know  in  gas 
lasers  and  similar  device  the  role  of  the  metastables 
is  very  important.  This  is  topic  for  considerable  dis¬ 
cussion  and  investigation,  because  the  measurement 
and  control  of  metastable  populations  in  gaseous  dis¬ 
charges  or  afterglows  is  a  difficuL  matter.  I  wish  to 
discuss  one  particular  aspect  of  the  metastables  -  the 
control,  not  the  generation  of  them  and  then  show  how 
it  may  be  applied  to  studying  the  generation  of  energy 
in  a  laser  cavity  as  a  function  of  time. 


The  experimental  situation  is  defined  in  the  next  slide. 
There  is  a  simplified  schematic  of  many  experiments 
we  are.  doing.  The  metastables  are  generated  in  the 
afterglow  of  the  gaseous  discharge  in  reasonably  pure 
neon.  The  aftergow,  fo-  those  of  you  who  are  not 
familiar  with  this  term,  is  a  region  follcwingan  active 
DC  current  pulse  in  the  gas.  In  the  afterglow  the 
electron  density  is  moderate,  and  it  decays  exponen¬ 
tially  v/itli  time;  the  ■'lectron  energies  are  as  a  rule 
fairly  low,  so  the  electrons  will  not  excite  neutral 
neons  to  metastable  or  higher  states. 


The  sibiation  I  would  like  to  describe  is  that  in  the 
helium-neon  laser,  or  even  a  gas  containing  helium 
metastables  by  themselves  or  neon  metastables  by 
themselves.  E  I  could  have  the  first  slide  we  will 
look  at  the  very  simplified  energy  structure  of  neon. 


Ground  Stat« 


The  metastable  state  is  the  lowest  one  of  Interest. 
One  can  observe  that  by  flooding  the  system  with  visi¬ 
ble  radiation  ydu  could  establish  something  of  an  op¬ 
tical  equilibrium  between  the  states  by  an  optical 
pumping  process,  which  take  metastable  levels  up  to 
2P,  3P,  and  higher  levels. 


Tnis  procsss  jw  •(is>s  US  because  it  if  a  way  of  con¬ 
trolling  the  population  of  metastables  and  also  -  In  the 
particular  case  of  neon  -  removing  them.  It  is  inter¬ 
esting  to  do  this  with  light  rather  than  with  hot  elec¬ 
trons,  since  the  electronic  energies  cannot  be  con¬ 
trolled  to  the  extent  that  the  photon  energies  can. 

One  must  accept  excitations  from  the  ground  state  as 
well  whe.iyouare  considering  electron  bombardment 


The  metastables  may  be  measured  oy  propogating 
through  this  afterglow  at  any  time  a  beam  of  probing 
radiation  from  a  neon  lamp.  By  measuring  the  absorp¬ 
tion  one  can  deduce  the  relative  value  of  the  meta¬ 
stable  concentration  and  E  oscillator  strengths  are 
available,  also  the  absolute  value. 

El  the  course  of  tie  afterglow  we  have  illuminated  tlie 
ensemble  of  metastables  by  broad-bandradiation  pro¬ 
vided  by  a  xenon  flash  tube.  The  amount  of  radiation 
we  use  is  not  very  much;  we  run  something  like  or 
50  Joules  per  pulse,  so  the  experiment  can  be  pe  jed 
repetitively,  and  one  can  take  advantage  of  signal 
averaging  techniques. 

The  radiation  is  enclosed  In  an  optical  cavity  and  one 
can  calibrate  the  radiation  field  there  photometrically; 
we  get  roughly  6000°  Kelvin  equivalent  black  body 
temperatures  from  the  flash  tube  pulse. 

The  question  is:  what  happens  to  the  metastablc  den¬ 
sity  when  S'j.’i  broad  band  radiation  is  cast  upon  the 
metastables,  causing  the  metastables  in  the  neon 
aftergloiv  to  absorb  whatever  they  please  from  this 
energy  flux? 

K  we  start  the  pulse  of  light  several  hundred  micro¬ 
seconds  into  tie  afterglow,  one  observes  the  graph 
slide  3.  In  the  absence  of  light,  the  decay  of  meta¬ 
stable  concentration  follows  an  exponential  decay  with 
a  time  constant  governed  by  the  gas  pressure  and  other 
considerations  hi  tlie  system.  Upon  illuminating  this 
with  optical  radiation  one  observes  a  sizable  decrease 
of  the  population,  say  on  the  order  of  50%  of  its  initial 
value.  Tlie  pulse  Is  about  a  hundred  microseconds 
long  and  is  not  too  good  geometrically,  but  notice 
after  the  pulse  is  over  you  again  have  a  decay  parallel 
to  the  initial  curve,  but  now  metastables  fnave  been 
removed. 
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This  is  due  to  ths  fact  that  in  neon  there  is  a  mixture 
of  decays  from  the  P  states  to  either  the  triplet  or 
singlets  series.  In  other  words,  neon  is  not  a  good 
Russel-Saunders  atom  and  when  you  pump  the  triplet 
series  from  the  3  states  to  the  P  states  these  can  also 
decay  back  to  the  singlet  levels.  However,  the  sing¬ 
let  levels  are  connected  radiatively  to  the  ground  state 
ky  photon®  (which  can  be  resonance -trapped)  so  the 
lifetime  of  the  singlets  states  is  rather  short.  As  a 
result  the  metastables  cycle  through  the  upper  states 
of  neon  and  drain  out  via  the  singlet  transitions;  If  you 
let  this  run  long  enough  the  mefastables  arc  removed 
from  the  afterglow.  The  hiteresting  thing  about  this 
technique  is  that  you  are  able  to  do  this  withoutrcally 
perturbing  the  electrons. 

Could  I  have  the  next  slide,  please. 


TIME  (micro  seconds) 

PREDICTED  QUENCHING  OF  ISj  LEVEL 
FLASH  TEMPERATURE  6200  K 
FLASH  TIME  100  MICRO  SECONDS 

To  check  some  of  these  ideas  on  paper,  we  .set  up  a 
very  idealized  tlieoretical  model  which  connected  the 


four  lov/est  S  states  of  neon  to  the  10  2P  levels,  and 
.applied  a  square  pulse  of  radiation  with  black  body 
temperature  of  about  6000°K  We  used  the  oscillator 
strengths  one  gets  from  the  literature  and  asked  for 
a  comparison  between  the  metastable  population  with¬ 
out  a  flash  (which  decays  with  a  diffusion  time  con¬ 
stant  we  can  adjust  on  a  computer)  with  the  population 
dependence  with  the  flash.  As  the  pulse  is  switched 
on  you  initially  store  the  particles  in  the  metastable 
level  in  tlie  upper  states  and  since  these  are  of  the 
order  of  10  or  20  of  these,  the  metastable  population 
drops  rapidly  within  a  few  spontaneous  emission  time 
constants.  Following  that,  the  population  of  the  meta¬ 
stables  will  be  removed  via  the  singlet  transitions, 
as  well  as  by  ordinary  diffusion.  Upon  shutting  off 
the  flash  there  is  some  recovery  o)t  population,  but 
metastable  particles  have  been  lost.  How  many  have 
been  lost  depends  on  the  shape  of  the  pulse  and  its 
radiation  temperatures. 


Could  I  have  the  next  slide. 


KRTfDit  I  f'D’PuPuuKTI'ON-  Of  AfiD  ^r^  STA  rcS.  f  I 

TEM»ERATURt  6200-K.  FLASH  TIME  100  MICROSECONDS 

It  is  informative  to  examine  the  populations  of  tlie  P 
states,  where  one  sees  in  the  particular  case  of  tlie 
P4  state  (the  lower  level  in  the  conventional  gaseous 
helium-neon  laser)  iiuit  after  a  tew  spontaneous 
emission  time  constants  one  achieved  a  population  of 
the  order  of  one  percent  of  the  metastable  population. 

Now,  typically,  one  would  ol)taiii  in  a  neon  afterglow 
or  a  laser  .about  10^0  or  10^^  metastablcsper  cc;  this  im¬ 
plies  one  should  obtain  about  108  or  109  in  the  P4  level. 

It  should  therefore  be  possible  to  turn  a  He-Ne  laser 
off  with  the  light  flash. 

Could  I  have  tlie  next  slide,  please. 
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At  tliis  time  I  wish  to  add  parentheticaliy  an  application 
of  tiie  above  which  is  of  some  importance  to  the  people 
who  deal  exclusively  witli  gaseous  electronics.  If  you 
have  a  way  of  removing  tlie  metaslables  oi  neon,  ttien 
at  sufficienUy  low  electi’on  concentrations  you  can 
also  quencli  the  process  which  generates  ions  of  neon 
and  electrons  by  tlie  collision  of  two  metastables. 
The  optical  flash  will  decrease  tlie  metastable  density. 
The  metastables  will  collide  less  frequently  witlieach 
otlier  and  generate  fewer  electrons,  tlie  density  of 
whicli  you  can  measure  with  a  microwave  cavity  tech¬ 
nique.  This  can  be  used  to  check  the  idea  that 
metastable-metastable  collisons  do  ionize  and  con¬ 
tribute  significantly  to  the  electron  population,  and 
also  determine  whetner  these  hot  electrons  would 
play  an  important  role  in  tlie  afterglow  physics. 


effect  an  energy  transfer  from  the  Helium  3P  level 
to  the  neon  4S  level.  One  might  then  be  able  to  es¬ 
tablish  simultaneously  a  parasitic  oscillation  which 
can  be  switched  on  and  off  witli  a  flash  tube. 


TIME  (micro  secorrds) 


Experimental  Quenching  of  S  Hrriium  Level 
o 

Using  10,829  A 


-  QRflUUDSTA-TS 

SIMPLIFIED  ENERGY  LEVEL  DIAGRAM  OF  HELIUM 


One  can  construct  a  parallel  argument  for  helium 
briefly.  However,  in  helium  one  lias  good  Russell- 
Saunders  coupling  and  if  tlie  energy  level  is  not  too 
high  one  does  not  cross  decays  between  the  triplet  and 
the  singlet  series  as  in  neon.  It  is  also  of  interest  to 
note  that  in  helium  the  number  of  levels  available  for 
pumping  is  much  less  than  neon.  However,  there  is 
an  order  of  magnitude  more  pumping  in  the  infrared 
transitions  as  well  as  a  considerable  infrared  output 
of  the  flash  tube;  hence  there  is  a  way  of  separating 
metastable  pumping  in  the  neon  gas  which  occurs  pri¬ 
marily  In  the  visible  region  from  pumping  of  helium 
metastables  which  will  occur  primarily  in  the  infra¬ 
red  region. 

Some  tentative  results  on  the  pumping  of  triplet  helium 
levels  are  shown  in  slide  8  and  one  sees  again  ~  50% 
decreaseof  the  triplet  metastable  population  of  helium 
followed  by  a  relaxation  (as  the  pumping  intensity 
decreases)  up  to  its  original  value.  This  shows  no 
particles  have  been  pumped  out  of  the  system;  namely 
one  has  as  many  excited  states  at  all  times  as  would 
be  present  if  the  system  were  uupumped.  Very  little 
pumping  contribution  has  been  found  from  the  visible. 

Suppose  one  has  an  infrared  He-Ne  laser  oscillating 
on  the  2S-2P  transition.  The  laser  is  exposed  to  a 
flash  of  infrared  radiation.  We  have  found  that  about 
30%  of  the  3S  density  was  transferred  to  the  3P  level 
immediately  above,  hence  it  might  be  possible  to 
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SIMPLIFIED  F.NERG'r  LEVELS  OF  Ho  AND  No 


Suppose  we  take  the  measurements  that  we  made  in 
afterglow  physics  where  life  was  simple,  wliere  tliere 
were  no  exciting  electrons,  and  try  to  apply  them 
to  Oie  mucli  less  understood  situation  tliat  occurs  in 
helium-neon  laser  of  a  conventional  variety.  Let  us 
excite  a  small  fraction  of  the  tube  witli  rf,  causing  it 
to  oscillate  in  a  single  mode,  and  Introduce  a  filter 
over  the  flash  tube  that  passes  visible  radiation  and 
thereby  pump  only  neon  metastables.  The  output  laser 
radiation  is  monitored  by  a  well  filtered  photocell. 
We  emphasize  that  we  are  not  changing  tlie  electron 
density  or  temperature,  we  are  not  changing  the  opti¬ 
cal  properties,  and  we  are  not  changing  any  of  the 
operating  conditions  of  the  laser  except  the  metastable 
concentration. 
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H«  -  N„  LASER  '■  ■ 

ENCLOSED  IN  optical  CAVITY 


On  tlie  top  graph  ot  slide  11  we  plot  the  pumping  light 
flash  intensity;  this  can  be  isolated  completely  from 
tlie  detector  if  necessary.  Now,  if  the  laser  is  rvm- 
ning  at  fairly  high  level  and  tlie  pumping  flash  is  not 
too  high  (something  ~20  Joules)  then  one  observes  a 
cross-modulation  of  the  flash  on  the  laser  output. 
Intensity  increases  downward.  This  is  caused  by  the 
blocking  up  of  the  lower  (2p4)  level  of  the  laser. 


50  //sec  cm 


However,  .something  rather  more  interesting  occurs 
if  you  reduce  either  the  laser  level  quite  a  bit  or  in¬ 
crease  the  pumping  excitation  from  flash.  In  the  third 
trace  one  sees  the  laser  signal  Is  completely  quenched, 
but  requires  a  very  substantial  time  (~50  -  100/isec) 
to  recover  its  full  Intensity.  Once  the  laser  is  turned 
off,  the  pumping  light  decreases  rapidly,  and  after  the 
pump  has  been  off  about  10"®  sec  the  states  of  the  neon 
atom  return  to  their  previous  population  distribution. 
The  laser  will  require  a  certain  time  toosciilateonce 
more,  as  the  cavity  energy  increases.  Professor 
Lamb  has  derived  an  equation  (slide  12)  whichgoverns 
the  time  rate  of  change  of  the  electric  field  in  a  single 
mode  of  laser  cavity: 

To  integrate  this,  we  assume  a  and  /3  are  constants, 
and  obtain  an  equation  which  starts  from  amplitude 
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zero,  builds  up  initially  in  an  exponential  fashion  and 
then  saturates  to  a  value  of  a/yS. 


On  the  next  slide  we  have  taken  some  refined  data  ant 
tried  to  fit  the  integrated  from  of  Lamb's  equation  tc 
our  laser  signals.  The  solid  Imes  are  iheoreth;. 
fits  of  Lamb's  integrated  equation  to  ti>e  triangl".® 
which  are  our  experimental  data. 

iNTCHSiTY  o/fl 
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Ne  LASER  OUTPU’  AS  A  FUNCTION  OF  TIME  AFTER  QUENCHING 
FOR  FOUR  DIFf  ERFNT  INTENSITIES 

I  ■would  like  to  point  out  a  few  interesting  v.  .ngi:  nou 
this  data.  First  of  all,  tlie  most  intense  laser  si>  ;lt 
here  start  essentially  from  a  colierent  level.  Anj 
deflection  on  tills  graph  is  due  to  coherent  laser  light 
The  "noise  light",  Oie  discliarge  light,  is  very  niuc 
attenuated  here  and  would  not  show  on  tliis  level.  How 
ever,  those  transitions  which  occur  at  much  lower  eX' 
citation  start  from  noise  level,  so  the  concept  of 
assigning  them  an  initial  intensity  Iq  =  0  will  not  do  as 
the  growth  of  the  laser  signal  may  commence  at  a 
random  time  when  Uiere  lias  oeen  a  very  large  noit 
pulse.  It  would  be  informative  to  study  the  growtli  oi 
the  coherent  light  witli  an  image  converter  camera 
equipped  to  take  "apid  photograplis.  Again  I  empha¬ 
size  that  the  intei  esting  point  behind  tills  is  that  we 
are  not  turning  the  laser  discharge  off  and  starting 
It  again,  changing  the  optical  cavity  parameters  and 
watching  the  equilibrium  to  be  set  up,  but  are  rather 
changing  the  gain  of  the  system  by  tampering  with  thi 
state  populations.  This  process  has  Uie  advantage  oi 
changing  the  oilier  variables  of  the  system  very  little 
for  example  we  have  never  been  able  to  see  any  change 
of  the  gas  discharge  impedance  when  we  have  illumi¬ 
nated  a  system  with  the  light  flash  presently  beingusei 


DR.  MARCEL  MULLER:  i  will  report  on  an  attempt 
to  make  a  molecular  vibration  gaseous  laser  and  I 
have  no  slides,  but  I  will  draw  one  big  diagram  to 
remind  you  what  I  am  talking  about. 

A  molecular  vibi’ation  laser  is  a  laser  based  on  an 
anharmonic  oscillator.  It  has  to  be  clearly  an  anhar- 
monic  oscillator  because  no  amount  of  population 
inversion  in  a  harmonic  oscillator  can  lead  to 
amplification. 

The  way  we  propose  in  the  anharmonic  oscillator  to 
bring  about  a  population  inversion,  I  will  illustrate  by 
means  of  a  potential  diagram  for  the  ground  state  and 
fi.xcited  state  of  a  diatomic  molecule;  similar  argu¬ 
ments  can  be  made  for  polyatomic  molecules,  but  we 
will  stick  to  vibrational  energy  levels  shown  for  a 
diatomic  molecule. 

The  statement  of  tlie  Franck-Condon  principle  is  that 
in  an  optical  or  electronic  impact  excitation  of  this 
state,  an  excited  vibrational  state,  iiamely  the  one 
lying  vertically  above  tlie  ground  vibrational  state  of 
the  ground  electronic  state  wili  be  preferentially  ex¬ 
cited,  and  when  tliis  happens,  with  tiie  picture  as  I 
have  drawn,  if  I  draw  a  population  versus  energy 
level  diagram  in  tins  uoper  state,  it  will  have  an 
envelope  sometliing'iike  this  and  there  will  be  inver¬ 
sions  on  tlie  left-hand  side  in  energy  of  the  maximally 
excited  state. 

The  desirable  features  of  a  molecule  to  be  used  in 
^  such  a  scheme  are;  one,  you  would  like  to  have  a 
large  vibrational  transition  dipole  moment,  and  a 
large  in  this  sense  means  if  you  are  going  to  do  this 
in  a  gas  discharge  and  do  it  at  reasonable  pressures 
and  current  densities,  something  in  excess  of  roughly 
a  tenth  of  a  debye.  You  would  like  at  least  one  of  the 
atoms  of  the  molecule  to  be  light,  preferably  hydro? 
gofi,  because  of  course  there  is  additional  structure, 
each  of  these  vibrational  levels  comprises  a  number 
of  rotational  levels,  you  would  like  few  rotational 
levels  to  be  populated,  this  is  to  say  the  rotation 
constant  is  to  be  large.  Con.sequently,  hydrogenic 
molecules  are  desirable. 

It  is,  of  course,  essential  tliat  the  excited  electronic 
state  have  an  inter-nuclear  distance  different  from 
tliat  of  tlie  ground  state  in  order  Uiat  tlie  Franck- 
Condon  vertical  transition  provide  a  population  in¬ 
version;  also  it  is  desirable,  a.nd  this  will  always 
accompany  the  previous  condition,  tliat  the  vibrational 
frequency  in  the  e.xcitcd  state  be  substantially  differ¬ 
ent,  by  more  tlian  several  KT,  from  tlie  vibratio.nal 
energy  dUference  (vibrational  frequency)  in  the  ground 
state,  so  that  collisions  with  ground  state  molecules 
arc  not  capable  of  giving  vibrational  relaxation. 

Another  thing  that  is  essential  for  practical  reasons 
is  that  this  electronic  state  be  metastable.  Other¬ 
wise  the  radiative  rela.xation  back  to  the  ground 
state,  being  at  a  very  high  frequency,  will  be  fast 
and  you  will  never  be  able  to  get  any  large  popula¬ 
tion  in  this  excited  electronic  state. 

This  means  that  the  excited  state  has  to  be  either  a 
metastable  state,  or  it  can  be  an  ionized  state.  The 
advantage  of  an  ionized  state  in  addition  to  this  is 
that  typically  ionized  states  have  larger  vibrational 
dipole  movements,  particularly  when  they  are  not 
ionic  molecules.  If  they  are  asymmetrical  cova¬ 
lently  bound  molecules  tlien  if  they  have  a  net  charge 


in  the  excited  state,  the  vibrational  dipole  for  obvious 
rea.«ons  will  be  rather  larger  than  that  of  a  neutral 
niolecule. 

On  the  basis  of  all  ihese  considerations  and  on  the 
basts  of  some  published  data  on  ionization  proba¬ 
bilities,  we  chose  as  a  molecule  to  concentrate  onh.alf- 
heavy  hydrogen,  HD.  The  transition  that  is  to  be 
inverted,  and  it  would  have  been  the  ?-l  transition  of 
vibrational  states,  is  in  the  vicinity  of  five  microns. 

It  has  not  been  seen  in  emission  spectroscopy.  This 
choice  turned  out  to  be  unfortunate  and  after  investing 
some  considerable  time  in  tins  project  we  have  now 
been  forced  to  abandon  it. 

The  reason  for  Uiis  is  tli.at  the  reported  data  on  ioni¬ 
zation  efficiencies  which  indicated  that  the  Franck- 
Condon  principle  was  obeyed  in  the  impact  ionization 
process,  (this  was  done  wiUi  energy  selected  elec¬ 
trons)  contained  apparently  a  fair  amount  of  wishful 
thinking.  Very  recent  results  reported  in  an  issue  a 
couple  of  weeks  ago  of  Phys  Rev  Letters  by  Briglia 
and  Rapp  indicate  that  in  hydrogen  the  ionization 
process  fs  not  a  direct  process,  but  takes  place 
largely  by  auto-ionization  of  excited  states  of  the 
molecule  which  coincide  roughly  in  energy  with  the 
ground  state  of  the  ion  that  we  want  to  work  with.  As 
a  result  of  this  complicated  process,  it  is  primarily 
the  ground  vibrational  state  of  the  ion  that  becomes 
populated;  so  I  think  perhaps  another  criterion  for  a 
future  experiment  in  this  area  ought  to  be  a  careful 
examination  of  the  molecules  and  perhaps  a  selection 
of  molecules  which  tend  not  to  have  Rydberg  series 
or  a  large  accumulation  of  excited  states  near  tlie 
ionization  continuum.  This  may  be  somewhat  diffi¬ 
cult  to  find. 

DR.  A.  V.  PHELPS:  Juse  one  remark.  I  don'  'hink 
the  whole  story  is  in  on  that  yet.  I  think  this  depeffds 
at  least  at  the  present  on  how  one  does  the  experi¬ 
ment  and  so  tt  may  very  well  be  that  one  can  get 
around  this.  In  other  words,  selection  of  the 
molecule. 

DR.  MULLER:  Oh  yes,  I  am  not  saying  that  all 
molecules  -- 

DR.  PHELPS;  I  am  talking  about  hydrogen.  I  think 
there  is  evidence  tliat  some  types  of  experiments  do 
satisfy  Franck-Condon  principle,  at  least  so  far  as 
the  measurements  are  a  measure  of  tlie  vibrational 
state,  and  tliey  are  not  a  direct  measure. 

DR.  MULLER:  Well,  the  data  tliat  were  reported 
were  those  of  Marmet,  Kerwln  and  some  others. 

DR.  PHELPS:  f  think  there  are  two  sets  of  experi¬ 
ments  on  eacli  side  of  the  fence  right  now. 

DR.  MULLER;  Which  showed  a  very  nice  curve  with 
breaks  actually  in  it,  as  you  would  expect  from  the 
Franck-Condon  principle.  Briglia  and  Rapp^^have  a 
curve  wliicli  extrapolates,  which  does  not  bend  and  it 
is  quite  convincing.  I  have  seen  a  lot  of  detail  on 
their  work.  It  has  oi.ly  a  very  tiny  bend  over  here 
corresponding  to  what  ycu  expect  of  the  energy 
spread  and  it  seems  fairly  convincing  here. 

Also  there  are  some  data  on  photon  invasion  which  I 
can  find  the  reference  somewhere  among  the  pafiers 
here— 

DR,  PH  3LPS:  That  is  all  right,  I  have  it. 
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DR.  MULLER:  Wliicli  also  indicate  that  In  tlic  photo  exciting  tlin  ionic  ground  state  is  to  excite  the  vibra- 

ionizatton  experiments,  the  fVanck-  ondon  principle  tional  ground  state,  too. 

or  course  is  satisfied,  but  there  a  many  oUier  DR  BEHRINGER:  U  there  is  no  further  discussion 

states  Involved  and  this  inep.ns  U;at  the  net  effect  on  -vv'e  will  adjourn. 
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MODERATOR  -  PROF.  SOULES:  The  first  speake.- 
this  morning  will  be  Rubin  Bruunstein  of  UCLA, 
formerly  of  RCA  I  iboratorie.s.  Rubin  has  been 
getting  started  on  campus  so  I  don't  know  whether  he 
is  going  to  describe  the  work  he  has  already  done 
there,  or  the  work  iie  did  at  KCA,  or  a  little  of  both. 

PROF.  BRAUNSTEIN:  The  work  1  shall  discuss  tiiis 
morning  represents  primarily,  the  results  that  were 
executed  at  the  RCA  laboratories,  but  shalJ  also  con¬ 
tain  some  work  in  progress  at  UCLA. 

The  major  aim  cil  this  program  was  a  f  tudy  uf  the 
inte"act!ons  of  intense  coherent  optical  radiation 
with  solids.  Specifically,  the  interest  was  a  study 
ct  experimental  cross-sections  for  double-photon 
absorption,  harmonic  generation,  and  frequency - 
mixing  in  semiconductors  and  to  compare  experi- 
menhal  results  with  theory.  The  semiconductors  of 
the  groups  III-V  and  II-VI  compounds  wer.  selected 
for  this  study  since  reasonable  predictions  can  be 
made  regarding  the  strengths  of  these  interactions 
utilizing  the  known  band  structure  of  these  solids. 
The  linear,  or  single-photon  interactions  are  reason¬ 
ably  well  understood  in  these  materials  so  as  to  pro¬ 
vide  the  major  band  structure  parameters  which  can 
be  used  to  estimate  the  high  order  intensity  dependent 
processes  involving  multiple -photon  transitions  via 
virtual  states. 

We  shall  discuss  the  accomplishments  to  date  of  this 
program  and  indicate  the  future  directions  this  work 
can  take  a.s  a  consequence  of  these  accomplishments. 
The  results  of  a  study  of  double -photon  absorpUon, 
harmonic  generation,  and  frequency-mixing  in  semi¬ 
conductors,  and  the  Requency  tuning  of  injection 
lasers  by  uniaxial  stress  will  be  reported. 

We  shall  first  discuss  the  work  on  optical  double - 
photon  absorption  In  semiconductors,  An  intrinsic 
semiconductor  normally  docs  not  exhibit  any  optical 
absorption  capable  of  producing  electron-hole  pairs 
for  incident  photon  energies  less  than  the  energy  gap. 
However,  for  .sufficiently  high  incident  intensities  of 
pliotons  wliosc  energy  is  less  tlian  the  band  gap,  the 
mulliplc-pholon  excitation  of  a  valence  electron  to 
the  conduction  banc)  can  take  place  and  consequently, 
in  principle,  a  perfectly  transparent  seuiiconductor 
doe.s  not  exist. 

CdS  was  cho.son  for  experimental  study  of  the  double¬ 
photon  absorption.  This  selection  waa  made  primarily 
l)ecause  the  single-photon  absorption  process  has 
been  extensively  studied  In  this  substance  and  it  was 
Iherofore  possible  to  compare  double-  and  single- 
photon  absorption  on  the  same  crystal.  One  can  uti¬ 
lize  Ihe  band  structure  parameters  determined  from 
the  single-photon  absorption  measurements  to  esti¬ 
mate  the  double-photon  absorption  coefficients  The 
theory  devcloiied  for  this  process  in  CdS  c-  ■  aiso  be 
readily  applied  to  other  III-V  and  II-VI  compounds. 
In  addition,  similar  perturbation  theory  calculations 
for  the  three-  and  four-plioton  processes,  that  is, 
second-harmonic  generation  and  tripling  can  also 
readily  1x2  cast  in  a.  form  that  takes  account  of  ‘■'is 
band  structure  parameters  of  these  sub-tances. 

Observations  were  made  of  the  two-photon  excitation 
of  an  electron  from  the  valence  band  to  the  conduction 
band  in  CdS  (Eg  =  2. 5ev)  using  a  pulsed  ruby  laser 


0ti=1.78ev).  The  radiative  recombination  emis¬ 
sion  from  excJton  and  'Mpurlty  levels  subsequent  to 
the  simultaneous  absorption  of  two-quarita  of  lai  =  1..78ev 
wrs  ob.served'  as  a  function  of  laser  intensity  and 
compared  to  tlie  emission  excited  by  single-quanta 
absorption  for  photon  energies  ofTi62  7  Eg  It  wa.s 
fotnd  that  the  intensity  of  the  recombination  radiation 
is  proportional  to  l"  for  Single  quanta  excitation  and 
Iq”  for  double-qnaAa  excitation.  Where  Iq  is  the  ex¬ 
citation  intensity  and  n  is  a  constant  which  differs  for 
different  groups  or  emission  lineu.  The  observed 
cross-section  of  double  quanta  excitation  compared 
favorably  with  thecry  utilizing  the  band  parameters 
of  CdS.  These  results  were  published  as  an  article 
in  the  Physical  "eview. 

Because  of  our  success  in  observing  the  double -photon 
absorption  in  CdS  and  obtaining  reasonable  agreement 
with  theory,  it  was  decided  to  consider  thi.s  process 
in  the  IlI-V  semiconductors  as  well.  The  theory 
developed  for  the  double-photon  process  in  CdS  uti¬ 
lized  a  three-band  model  for  the  band  structure  of 
this  substance.  However,  the  double-photon  absorp¬ 
tion  cross-section  can  easily  be  obtained,  using  a 
two-band  model,  employing  a  single  valence  and  con¬ 
duction  band.  This  dinible-photon  calculation  utilizing 
the  simpler  band  structure  model,  reveals  simple 
generalizations  regarding  the  underlying  parameters 
which  determine  the  double-quanta  absorption  cross- 
section  which  applied  to  ail  the  m-V  compounds.  This 
calculation  enables  one  to  set  a  lower  bound  to  tlie 
absorption  cross-section  while  requiring  aknowledge 
of  very  few  band  structure  parameters.  Thetheoret- 
cial  development  is  essentially  similar  to  that  pre¬ 
viously  given  for  CdS  except  that  it  utilizes  an  allowed 
intra-band  optical  matrix  element  for  one  of  the 
virtual  transitions. 

The  results  of  this  calculation  applied  to  tl'.s  III-V  - 
“compounds  Is  shown  in  Slide  1.  The  double-photon 
absoi’ption  cross-section  is  given  in  terms  of 
ag,ay,E.T,-  where  and  ay  ‘I'®  inverse  effective 
mas.s  ratios  for  electrons  and  Iioles  respectively  and 
E„  Is  the  energy  gap.  The  numerical  term  in  this 
equation  contains  all  the  constant  terms  as  well  as 
clhe  Inler-band  momentum  matrix  element  = 

'il.Scvm  which  has  been  shown  to  be  the  same  for 
all  the  III-V  compounds.  In  addition,  the  intra-band 
matrix  element  of  zeroth  order  in  k  has  been  ex¬ 
pressed  in  tei-ms  of  the  group  velocity  times  the  free 
t-leclron  mass.  We  have  also  assumed  that  the  energy 
bands  are  spherical  and  parabolic. 

In  order  to  evaluate  a  2  for  a  particular  substance,  a 
knowledge  of  E„  is  required.  It  can  be  shown 

using  k  •  p  perturbation  theory  to  calculate  the  band 
structure  of  these  semiconductors,  that  the  valence 
and  conduction  band  effective  masses  at  k  =  0  can  be 
adequately  accounted  for  by  assuming  that  the  inter¬ 
band  momentum  matrix  element  (Pvc  |  ^  is  constant 
for  aU  the  II-V  compounds  and  is  given  by  |  Pvc  I  ®  ' 
11.  5  evm.  The  conduction  band  Inverse  effective 
masses  o-^.  expressed  in  terms  of  the  momentum 
matrix  element  is  also  given  in  .Slide-  1  (on  the  top 
right).  The  explicit  values 'for  the  double-photon 
absorption  cross -sections  for  some  representative 
compounds  are  also  given  in  Slide  1,  tn  the  table  of 
values,  where  we  have  assumed  that  the  heavy-liole 
inverse  effective  mass  ratio  Oy  is  equal  to  one  and 
have  used  the  values  Of  tig  calculated  from  theoretical 
expression  on  the  alids  The  spin-orbit  splittings  A 
havelieen  inserted  j.sirig  experimental  values  for  this 
parameter. 
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2  ~  Photon  Absorption  in  Semiconductors 
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It  can  ’rx'  seen  In  this  tahle  thkt  the  douWe-photon  ab¬ 
sorption  cross-sections  increase  as  the  band  gap  of 
the  solid  decrcase.s.  The  characteristic  feature  that 
the  optical  double -plioton  absorption  cro.ss-section 
increases  as  the  band  yap  of  the  .solid  deoreases,  Is 
not  limited  to  the  case  of  a  hand-to-hand  transition 
ill  a  semiconductor  but  comes  fromihe  frequency  fac¬ 
tors  in  the  optical  matrix  elements.  This  result  is 
also  obtained  in  the  case  of  double -photon  ali.«orpUon 
between  discrete  levels  and  non-linear  ab.sorption 
cros.s-seclion  Cor  such  a  process  is  also  (liven  in  the 
bottom  ot  Slide  1.  In  tliis  equation  n  is  a  refracted 
index,  AE^  is  the  width  of  the  real  excited  stale  at 
2,Ejf  and  I  is  the  1 -number  lor  the  transition.  In  the 
derivations  of  the  above  double -quanta  absorption 
ei'oss-.soction,  it  was  explicitly  assumed  the  absorp¬ 
tion  occurs  by  a  single  intermediate  state  which  allows 
couplin[?  iietween  the  initial  and  final  .slates.  In  fact, 
it  is  necessary  to  sum  overall  [xisslblc  intermediate 
slates.  Consequently,  these  calculations  represent  a 
lower  bound  for  the  clouhle-pholon  absorption  cross- 
seclioiis, 

Lotus  now  birnour  alteiillon  to  the  Iransml.ssioii  laws 
olyved  by  medium  within  Which  a  linear  and  a  quadratic 
loss  process  can  simultaneously  take  place.  In  the 
steady  state,  the  transmitted  flux  through  such  a  me¬ 
dium  is  given  oy  tl’.e  continuity  equation  si'.c.vn  on  top  of 
Slide  2.  Where  ui  is  the  linear  absorption  cro.ss-section 
in  units  ofem^,  (72*^  the  absorption  crossscotlon  for 
quadratic  loss  process  in  units  of  sec,  and  Nj, 
and  N2  are  liic  densities  of  cente  s  responsible  for  the 
Jinuar  and  quadratic  loss  procossi.a,  respectively  and 
F  is  the  flux  per  unit  area  in  photons/cm2  see.  We 
have  assumed  tlial  and  arc  tndeixi.ndent  of 


livctdehl  flux.  Tirat  !s,  lire  ITretime  for  fecombir.atioh 
to  the  ground  state  is  extremely  fast.  For  a  plain  par¬ 
allel  slab  of  tliicknoss  r  and  neglecting  reflection 
losses,  the  tcansniission  is  obtained  by  integrating 
tills  equation,  the  results  are  shown  in  Slide  2.  Also 
are  shown  similar  results  for  splierical  and  cylindri¬ 
cal  geometries,  considering  in  these  cases  only  quad- 
raliclos.sos  taking  place.  We  see  that  for  high  incident 
intensities  the  transmission  ultimately  saturates  for 
all  geometries. 
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Slide  3  shows  a  plot  of  the  absorption  A  =  1  -  T  for 
plain  geometry  for  a  medium  having  linear  and  quad¬ 
ratic  loss  processes  simultaneously  present.  When 
the  parameter  og  N2  X  Fq>1,  the  quadi'atic  loss 
process  becomes  the  dominant  absorption  proces.s. 
mid  in  fact  the  niedium  ulUniateiy  becomes  opaque. 
These  results  show  that  tliere  is  an  intrinsic  upper' 
limi‘  to  the  flux  don.sity  which  can  be  transmitted 
tlirough  a  medium  that  has  a  nonlinear  absorption 
process  taking  place.  It  ahnuld  be  further  noted  that 
it  is  only  the  linear  absorption  process  that  yields  an 
exponential  fall-off  of  intensity  with  distance  and  is 
independent  of  intensity  while  the  quadratic  and  higher 
order  processes  will  fall-off  inversely  proixrrtiona'  •o 
the  distance  and  Intensity. 

Mthough  llie  double-photon  absorption  cross-sect  ons 
apiwar  to  be  relatively  small,  since  the  absorp  iiyn 
cross-section  for  this  process  depends  upon  the  'aci- 
dent  Intensity,  at  high  flux  densities  th's  proce.^'/  c.an 
constitute  a  major  dissipative  mechanism  when 
oixjrative. 

It  i.s  of  interest  to  consider  the  possible  effects  of 
doulile-quanta  Iransltions  on  tlie  power  output  01  in¬ 
jection  lasers,  in  particular,  that  of  gallium  arsenide. 
Althougli  the  power  output  presently  available  from 
such  devices  is  relatively  small  compared  will)  that  of 
optically  pumped  lasers,  injection  lasers  are  relatively 
small  area  devices  so  the  flux  f/er  area  is  still  quite 
high  at  the  emitting  junctions.  Furthermore,  the 
emitted  frequencies  lie  slightly  below  the  band-gap, 
satisfying  the  threshold  conditions  for  double-quanta 
absorptio ».  Power  densities  of  the  order  of  If)’''! 
v/.atts/em2  can  be  realized  for  conventional  diodes, 
it  one  considers  a  diode  of  0. 1  cm  fength  with  the 
ab  ive  power  densities  and  one  employs  the  lower- 
bound  double-nhoton  absorption  cross-sections  pre¬ 
viously  given  foi  gallium  arsenide,  one  obtains  for  the 
parameter  ^2'  ^o~^'  These  results  are 

shown  in  the  botton’  of  Slide  4,  together  with  values 


for  the  parameter  2‘  ^2'  ‘  ? 0  ^  number  of  othef 

c-'ses  such  as  glass,  impurities  in  calcium  fluoride, 
and  the  case  of  transmission  through  an  oxygon  at¬ 
mosphere,  From  the  equation  shown  in  ?lido  0,  we 
see  tliat  under  these  conditions,  in  gallium  araenidE 
•where  lioi/bl'e-plioton  absnrtition  can  take  place,  they 
can  make  a  reasonable  contribution  to  the  loss  proc¬ 
esses  within  the  gallium  arsenide  laser.  Even  if  an 
eleclron-iiole  pair  created  by  double -phot on  absorp¬ 
tion  subsequently  recombine, s  and  is  re-emitlod  a.s  a 
pliolon,  the  double  photon  absorplion  process  wUlntUl 
set  an  intrinsic  upper  limit  to  the  output  power  since 
two  quanta  will  be  annihilated  to  produce  one  subse¬ 
quently  re-emitted  quhnium. 

If  a  focu.“Cd  high-power  laser  is  incident  upon  an  os¬ 
tensibly  tr.-ui  r’parent  siilistance  sucli  as  optical  qu.ality 
calcluM  fluoride  or  any  other  optical  qual.ty  material, 
it  is  usually  found  <'•;;(  most  substances  tend  to  be 
nunclureri  at  power  levels  of  approximately  10^  v/atls/ 
cm2.  When  one  normally  e-xaralniS  these  materiils 
by  measuiing  absorption  at  low  power  levels  very 
little  absorption  is  found,  Despite  the  fact  that  the 
band  gap  of  these  materials  may  be  far  greater  than 
twice  the  Incident  photon  energies  so  that  a  double 
quanta  a’Jsorptio.h  proce.ss  is  no  .  a'  'ov.’ed  between  bands, 
It  may  be  po.sslble  to  have  multiple -quanta  processes 
taking  place  between  ii’.purltv  Idols.  If  one  considers 
a  typical  example  of  a  case  of  calcium  fluoride,  one 
finds  that  one  can  have  a  distribution  of  impurity 
levels  at  concentrations  of  lO+^^/cm^  due  to  various 
rare  earth  impurities.  A  reasonable  estimate  of  the 
double-photon  absorption  cross  section  for  the  ruby 
line  can  be  made  by  superimposing  the  energy  levels 
uf  the  various  impurities  and  using  appropriate  aver¬ 
ages  of  the  oscillator  strengths  and  the  half -widths  of 
the  excited  states  at  twice  the  laser  frequency,  Tlie 
reisulling  cross-sections  0-2  yield  values  of  IQ-^^cm^ 
sec.  iFor  incident  power  of  watls/'cm^  and  a 
1-cm -thick  slab,  the  paramoter  UgNgX- Fg 
This  result  is  shown  on  the  bottom  of^lide  4. 
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Linear  absorption  due  to  scattering  from  optical  im¬ 
perii.  ctions  or  residual  impurities  normally  yield  values 
of  <  10"2  lor  optical  .quality  calcium  fluoride. 

Consequently,  the  normal  linear  scattering  p.-ocesses 
cannot  account  tor  the  dissipation,  while  the  double¬ 
quanta  absorption  due  to  impurities  can  be  responsible 
for  a  reasonable  amount  of  power  absorbed  from  an 
incident  laser  beam. 

In  ctilculating  the  propagation  of  a  laser  beam  through 
a  gaseous  atmosphere  one  normally  utilises  the  linear 
absorption  coefficient  of  .he  appropriate  optical  window 
Ui  'determine  fife  optical,  losses,  Kowevef ,  ft  care  is 
not  taJten  so  that  no  stages  exist  at  twice  the  laser  fre¬ 
quency  to  wiiicli  double  -quanta  absorption  can  take  place, 
there  is  an  intrinsic  limit  to  the  power  that  can  be  trans¬ 
mitted  through  such  an  atmosphere.  Let  us  consider 
the  c.'-so  of  a  laser  beam  of  photon  energy  Ti(u~3.  lev 
and  a  flux  density  of  the  lO^'^walls-  cm^  propagated 
through  a  kilometer  patli  length  of  Og  ai  standard  pres¬ 
sure  and  tempe.rature.  For  such  a  beam,  double-photon 


P‘1 ,  -  O2 ,  ♦  Oj 


absorption  can  lake  place  via  the  Schumann- 
Runge  bands.  From  tlie  observed  half-widths  and  the 
oscillator  strengths  of  these  bands  the  cro&s  section 
^2  can  be  estimated  to  be  of  the  order  of  10"°*^cm‘*sec; 
consii  quently  as  we  see  in  this  Slide  4.i7q-N2’.'f.F(j~10, 
We  see  from  the  curve  in  Slide  3  that  tt’  transmission 
of  surh  a  beam  will  saturate.  Similar  considerations 
will  apply  whenever  one  uses  any  optical  window  in  an 
atmosphere  wliere  there  is  a  state  available  at  twice  the 
frequency  of  the  window  so  that  tlie  double  photon  ab¬ 
sorption  can  take  place. 

Up  till  now,  we  have  considered'  ihe  prcpagatton  lawi[Eir 
a  medium  inwl.ichboth  linear  and  quadratic  loss  proc¬ 
esses  can  lake  place  which  involve  a  single  frequency. 
If  we  extend  the  treatment  to  the  ease  where  we  have 
two  different  fretiuencies  which  can  undergo  singularly 
linear  loss,  cr  together,  undergo  double  photon  absorp¬ 
tion,  we  arrive  at  a  covpled  pair  of  nonlinear  differ¬ 
ential  equations  of  the  Vollerra  type  which  are  shown 
at  the  bottom  of  Slide  5.  Although  ‘  is  necessary  to 

-a-„  ’Og.-o-j.-o-,, 


dF,  /dx  »  CTi  NF,  +  CTgNFi  Fg 
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sijlve  these  equations  numerically  for  any  parlicular 
condition,  we  can  obtain  me  general  features  of  the 
solutions  by  plotting  sou.ii  of  the  phase  trajectories. 
For  the  signs  of  the  coefficients  a^,  a 2,  <^3  and  <r^ 
indicated  in  Figure  5,  regardless  of  what  the  initial 
intensities  of  either  of  the  two  photon  beams  are,  one 
will  ultimately  prevail  at  the  expense  of  the  other,  as 
can  be  seen  from  the  two  indicated  g'-aplis.  However, 
if  one  of  the  quadratic  coefficients  <72  <^3  is  positive, 

ihat  is ,  if  we  liave  a  double  -quanta  stimulated  emiss  ion 
process  taking  place,  there  are  a  series  of  stable 
[Je-iodic  solutions  possible  for  these  equations  such 
that  at  a  given  distance  one  beam  has  a  ma.\lmum  of 
intensity  while  the  other  has  a  minimum.  At  a  ar- 
ther  distance  through  tlie  medium  the  intensities  re¬ 
verse;  the  results  repeat  as  a  function  of  distance. 

It  should  be  noted,  although  the  double  photon  absorp¬ 
tion  cross-sections  might  be  considered  small,  the 
absorption  coefficient  for  this  process  is  proportional 
to  the  length  of  path  and  the  intensity.  Althoughwe 
have  considered  these  processes  in  cases  where  we 
have  had  high  intensity  lasers  present,  there  are  a 
number  of  astronomical  cases  where  exceedingly  long 
paths  are  involved  sucli  as  in  the  case  of  planetary 
nebula  or  propagation  through  inter-stellar  hydrogen 
where  some  of  these  nonlinearities  mlghl  manifest 
themselves. 

We  shall  next  consider  some  work  on  harmonic  genera¬ 
tion  in  the  III-V  compounds. 

The  III-V  compounds  comprise  a  group  of  materials 
whose  band  structure  and  related  parameters  are  well 
known.  Consequently,  they  are  amenable  to  calcula¬ 
tion  of  the  cross-section  tor  various  nonlinear  proc¬ 
esses.  We  have  previously  considered  the  two-photon 
absorption  cross  sections  of  these  materi.als.  Since 
these  materials,  in  addition,  lack  a  center  of  inver  ¬ 
sion  in  nfilnaipie^  one  should  be- able  to  generate  tiie 


second  harmonic  of  given  incident  frequency.  By  com¬ 
paring  the  measured  harmonic  cross  sections  cr2uOr, 
as  we  have  done  in  this  work,  the  nonlinear  suscepti¬ 
bilities  Xi4  of  several  III-V  compounds  having  differ¬ 
ent  band  structure  parameters,  we  sought  to  identify 
the  pertinent  parameters  res.ponsible  for  these 
coe/ficients. 

In  this  study,  we  observed  the  «econd  harmonic  of  an 
incident  Nd^'*'  laser  generatea  at  5300  A  (2.  34  eV)  in 
single  crystals  of  indium  phosphide,  gallium  arsenide, 
aluminum  ar  timonide  and  gallium  phosphide.  Our 
work  on  indium  phosphide  and  aluminum  antimonide 
is  the  first  reported  on  these  materials.  Since  the 
band  gaps  of  these  compounds  range  from  1. 24  eV 
to  2.  24  eV  while  the  energy  of  the  exciting  photons 
was  1. 17  eV,  we  were  dealing  with  a  case  where  the 
second  harmonic  was  completely  absorbed  within  a 
fraction  of  a  wavelength  after  generation,  while  the 
exciting  radiation  suffered  negligible  attenuation. 

The  emitted  harmonic  could  be  obseived  either  in 
reflection  or  transmission.  In  the  former,  the  har¬ 
monic  is  generated  at  the  incident  surface  and  is 
emitted  as  a  reflei,lyi' beam.  In  the  latter,  the  only 
harmonic  radiation  leaving  the  material  is  generated 
at  the  exit  surface  since  that  produced  in  he  bulk  is 
completely  absorbed;  we  employed  the  transmission 
method. 

Substantial  second  harmonic  generation  was  observed 
in  the  above  compounds.  This  radiation  was  generated 
at  ;he  exit  bases  of  the  single  crystal  sixjciraens  by 
excitation  using  a  Q-sv’'lched  N’d3+  glass  laser.  The 
dependence  of  the  harm-  nic  intensity  on  both  the  polar¬ 
ization  of  exciting  and  armonic  radiaticn  as  well  as 
the  crystal  orientations  .vas  studied  and  found  to  agree 
with  the  predicted  behrt  lor  within  e.xperiraental  errors. 
The  results  of  these  stu  les  yieldingthe  intensities  of 
the  coeTfTcWifts  is  sliow  n  in  Slide  6. 
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All  examination  of  the  nonlinear  susceptibilities  of 
seven  of  the  III-V  compounds  studied  so  far  shows  the 
absolute  value  of  Xj^4  for  Nd3+  excitation  lies  between 
0. 2xl0"®esu  and  1.  2xl0-fiesu.  This  compares  with 
the  value  3xl0"®esu  for  KDP  which  is  about  the  strong¬ 
est  harmonic  generator  among  ionic  crystals.  This 
ISO-  400-fold  increase  in  X  has  been  shown  to  be  due 
mainly  to  the  resonance  betiveen  the  harmonic  and  the 
conduction  bands.  In  the  case  of  ionic  crystals  this 
does  not  occur  for  excitation  by  frequencies  as  low  as 
those  produced  by  the  Nd^+  and  ruby  lasers. 

Since  the  harmonics  are  generated  within  a  fraction  of 
a  wavelength  of  tlie  exit  base  one  might  expect  tliat 
their  intensities  are  very  sensitive  to  chemical  treat¬ 
ment  of  the  surfaces.  In  addition,  one  might  expect 
mechanical  operations,  like  polisliing,  would  produce 
lattice  distortions  at  the  surface  which  would  result 
in  several  crystallographic  planes  contributing  simul- 
tenecusly  to  the  harmonic  intensity.  This  would  show 
up  as  a  non-vanishing  minimum  in  the  orientational 
dependence  of  the  harmonics.  In  our  experiments,  w< 
encountered  both  .if  these  effects.  We  investigated  the 
eifects  of  various  polishings  and  etchings  of  the  har¬ 
monic  intensity.  For  the  incident  intensity  measure¬ 
ments  used  in  determining  we  chose  the  surface 
treatments  whicn  gave  both  tne  maximum  emission  and 
a  zero,  'ir  almost  zero,  at  the  sample  orientations 
where  it  should  vanish.  Both  faces  of  all  crystals 
were  polished  with  fine  carborundum  prior  to  etching. 
These  results  indicate  that  in  principle  one  might  uti¬ 
lize  second  harmonic  generation  as  a  means  of  c  rystal- 
lographically  orienting  single  crystal  specimens  of 
substances  where  harmonic  generation  can  take  place! 

ExtenslV'  measurements  of  optical  second  harmonic 
generation  and  the  linear  electro-optic  effect  have 
been  performed  to-date  on  ionic  and  inorganic  crystals. 
We  have,  in  turn,  now  observed  similar  results  ona.n 
organic  molecular  crystal,  hexaminewhich  has  crystal 
s.yjumetry  (I43in.).  The  nonlineai’  susceptibility  was 
determined:  A'l.i  =  30  x  10  9  esu  tor  hexamine  as  com¬ 
pared  to  3  X  10-^  for  KDP.  Electro-optic  coelficient 
of  hexamine  is  12.  6  x  10“3  esu.  From  the  theoretical 
relationship  relating  the  electro-optic  coefficient  and 
the  second  harmonic  coefficient,  it  was  possible  to 
conclude  that  the  eteotro-optic  effect  in  the  cubic 
crystal,  hexamine,  is  predominantly  eipctronic. 

Aside  from  the  semiconductors  and  Insulators  whose 
crystal  structure  lack  a  center  of  inversion  and  con¬ 
sequently  have  the  necessary  condition  tor  second 
harmonic  generation,  there  are  a  number  of  metals 
with  point  groups  which  would  Indicate  that  they  should 
also  be  piezoelectric.  However,  itwouldbeexliemely 
difficult  to  try  to  measure  their  dc  piezoelectric 
coefficients.  If,  however,  one  could  generate  a  sec¬ 
ond  harmonic  from  these  metals,  a  measurement  of 
the  nonlinear  susceptibiliiy  would  e.n.oble  one  to  infer 
the  dc  piezoelectric  coefficients.  An  example  of  a 
potential  piezoelectric  metal  is  the  a -phase  of  man¬ 
ganese  which  has  symmetry  43m  and  consequently, 
only  one  piezoelectric  coefficient.  It  was  difficult  to 
obtain  large,  single  crystals  of  a -manganese  to  ob¬ 
tain  good  measurements  of  the  angular  dependence 
of  the  second  harmonic  generation  and  hence,  a  good 
measurementof  the  nonlinear  susceptibility.  Attempts 
are  being  made  to  obtain  large  enough  crystals  for 
these  measurements. 

PROF.  SCHAWLOW:  Were  these  measurements  done 
111  rellection? 


PROF.  BRAllNSTEIN:  Yes. 

We  shall  next  consider  some  work  on  frequency  mix¬ 
ing  In  semiconductors.  Magneto-  and  electro-optic 
effects  have  usually  been  studied  where  tne  E-  and  H- 
fields  are  statically  applied  and  an  incident  radiation 
field  merely  causes  electronic  transitions  lietween 
levels.  In  semiconductors  and  insulators,  the  intrin¬ 
sic  absorption  edges  are  observed  to  bo  displaced  by 
the  appl'cation  of  static  E-fields  of  approximately 
10+3v/cm.  The  electronic  nature  of  these  effects 
would  indicate  that  if  high  optical  E-flelds  were  inci¬ 
dent  upon  a  semiconductor,  the  radia*^ion  field  could 
cause  a  mixing  of  levels  as  well  as  electronic  transi¬ 
tions  between  levels  with  the  consequence  that  the  real 
and  imaginary  parts  ol  the  absorption  could  respond 
to  the  different  frequencies  due  to  the  presence  of  two 
optical  frequencies  incident  in  the  neighborhood  of  the 
absoi'ption  edge  of  the  semiconductor.  The  possibility 
of  observing  such  nonlinearities  was  discussed  by  us 
in  a  previous  publication. 

While  instrumentation  was  lieing  assembled  to  study 
this  type  of  nonlinear  interaction,  observations  of  op¬ 
tical  frequency  mixing  in  bulk  CdSe  was  i-eporled  by 
Pantel  and  co-workers  at  Stanford.  In  these  experi¬ 
ments,  the  axial  modes  of  a  ruby  laser  were  mixed  to 
obtain  microwave  power  in  the  1  to  5  Gc/sec  region. 
T'lt  ..-Dserved  frequency-mixing  could  possible  be  in¬ 
terpreted  as  a  manifestation  of  ths  previously  proposed 
nonlinear  inter-band  effect.  However,  since  the  axial 
modes  overlapped  the  band  gap,  the  resultant  carrier 
generation  rate  could  be  modulated  at  tlie  difference 
frequency  and  the  application  of  a  constant  electric 
field,  could  cause  microwave  power  to  be  t  adialed. 
Consequently,  the  observed  effect  could  be  interpreted 
in  terms  of  a  photo-conductive  mechanism  rather  than 
in  terms  of  a  nonlinear  inter-band  effect  as  we  had 
previously  predicted. 

Both  the  photo-mixing  and  the  inter  “band' mixing  af¬ 
fects  would  have  some  features  in  common,  such  as 
It  would  be  necessary  to  apply  an  external  bias  field 
to  observe  the  difference  frequencies.  However,  the 
ixjwer  produced  by  the  photo -conductive  interaction 
would  be  sensitive  to  the  mobilities  and  the  lifetimes 
of  the  generated  carri-„j  S,  while  the  nonlinear  inter- 
band  effect  would  be  insensitive  to  these  parameters. 

In  addition,  the  latter  interaction  is  expected  to  he 
relatively  independent  of  the  frequency  difference  be¬ 
tween  the  two  incident  monochromatic  beams  while 
the  plioto-mixing  process  would  be  markedly  frequency 
dependent.  To  understand  the  mechanism  responsible 
for  llie  frequency-mixing  in  CdSe,  these  observations 
were  repeated  and  extended toGe,  CaAs,  andSi,  using 
a  rub",  and  a  Nd  laser  with  each  of  these  substances. 
Since  these  different  laser  sources overlapiied appre¬ 
ciably  different  regions  of  the  band  edge,  a  nonlinear 
band  effect  would  yield  differences  in  microwave  out¬ 
put  for  each  source  while  a  phuto-conductor  mecha¬ 
nism  would  yield  little  difference. 

The  results  obtained  from  these  measuremems  sub¬ 
stantiates  the  interpretation  that  the  observed  effects 
were  due  to  photo-conductive  mixing  and  not  to  any 
nonlinear  effects  associated  with  the  shift  of  the  ab¬ 
sorption  edges  of  these  substances. 

The  experimental  results  of  the  mixing  of  the  axial 
modes  of  a  ruby  or  a  Md  laser  in  CdSe,  Si,  Ge,  and 
GaAs  have  the  common  feature  that  the  microwave 
output  power  is  proportional  to  the  square  of  the 
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incident  optical  intensity  and  the  square  of  the  bias 
field  and  the  mobility  squared  and  is  inversely  pro¬ 
portional  to  the  square  of  the  difference  frequency. 
However,  the  absolute  yields  of  the  microwave  power 
for  a  given  optical  power,  bias  and  frequency  vary 
from  substance  to  substance.  These  observations 
are  in  qualitative  agreement  with  the  theory  for 
photo-mixing. 

Slide  7  shows  the  results  obtained  for  the  mixing  of 
the  axial  modes  of  a  ruby  laser  on  silicon.  The  in¬ 
creasing  signal  by  a  factor  of  400  for  silicon  in  going 
from  300°  K  to  78°  K  can  be  understood  on  the  basis 
that  the  mobilities  increase  by  a  factor  of  10  for  this 
temperature  difference.  The  influence  of  minority 
carrier  mobility  in  determining  the  absolute  values 
01  signals  seems  further  substantiated  by  the  satura¬ 
tion  effects  observed  for  silicon  in  Slide  7.  At  high 
fields,  one  notices  the  output  power  appears  to  satu¬ 
rate  at  bias  fields  of  1, 000  v/cm,  where  it  is  known 
that  the  drift  velocities  tend  to  saturate.  Similar  re¬ 
sults  were  obtained  for  Ge. 


Microwave  power  from  Si  with  ruby  loser  Vs. 
bios  at  300°K  and  78°K. 


This  dependence  of  the  microwave  difference  frequency 
on  the  mobility  can  be  used  to  determine  the  mobilities 
in  extremely  low  mobiiity  materials  such  as  phalacya- 
nide  where  U  lias  been  extremely  difficult  to  measure 
mobilities  by  conventional  transport  means.  The  ad¬ 
vantage  of  the  frequency  mixing  technique  is  mainly 


due  to  the  great  sensitivity  of  microwave  measuring 
techniques. 

We  shall  now  consider  some  of  the  results  we  have  ob¬ 
tained  in  the  frequency  tuning  of  injection  lasers  by 
uniaxial  stress,  specifically,  the  work  we  have  done 
on  gallium  arsenide.  In  many  applications  of  injection 
lasers,  it  becomes  desirable  to  have  a  means  of  vary¬ 
ing  the  frequency.  Such  control  will  be  necessary  if 
diodes  are  to  be  used  in  such  applications  requiring 
frequency  tuning,  stabilization,  or  modulation.  The 
energy  levels  and  consequently  the  emission  frequencies 
of  a  solid  can  be  changed  by  uniaxial  stress.  The  use 
of  uniaxial  stress  has  advantages  over  other  methods 
of  changing  the  frequency  or  the  band  gap  such  as  hy¬ 
drostatic  pressure,  magnetic  fields  in  that  the  auxiliary 
equipment  can  be  made  simple  and  small.  In  addition, 
the  application  of  uniaxial  stress  to  semiconductors 
generally  splits  energy  levels  which  are  degenerate  in 
the  absence  of  stress  and  so  can  be  used  as  a  means 
of  identifying  recombination  mechanisms. 

V/e  have  studied  the  effect  of  uniaxial  stress  on  the 
frequency  spectrum  of  spontaneous  and  stimulated  light 
emitted  from  gallium  arsenide  laser  diodes,  and  have 
obtained  preliminary  information  of  ti:e  nature  of  the 
electronic  transitions  responsible  for  the  emission  in 
such  diodes.  In  particular,  different  emission  proc¬ 
esses  seems  to  be  talking  place  in  diodes  made  from 
different  materials. 

The  experiment  arrangement  used  in  these  studies  is 
shown  in  Slide  8,  as  well  as  is  shown  the  crystallo¬ 
graphic  orientations  of  the  diodes  used.  The  com¬ 
pression  was  applied  pe'’pendicular  to  the  plane  of  the 
junction  which  is  a  (100)  plane.  Other  orientations 
would  give  additional  information  but  suitable  diodes 
were  not  available.  The  diodes  were  in  the  lorm  of 
parallelepipeds  with  dimensions  of  0. 6  x  0. 16  x  0. 10 
mm  and  had  cleaved  sides» 

The  resulto  lor  coherent  emission  varied  from  diode 
to  diode  since  they  depend  on  both  the  changes  in  the 
emitting  transitions  as  well  as  on  changes  of  the  res¬ 
onant  cavity.  The  interpretation  of  the  data  is  there¬ 
fore  more  connplicatud  since  it  requires  theknowledge 
of  individual  cavity  modes.  We,  therefore,  also 
studies  the  incoherent  light  emission  which  should  only 
depend  on  the  electronic  transitions  involved  and  not 
upon  the  cavity  modes.  The  results  are  shown  on 
Slide  9  where  we  see  a  shift  oftlie  frequency  as  a  func¬ 
tion  of  uniaxial  compression  for  three  different  diodes. 

It  Is  clear  that  the  three  diodes  which  were  made  in 
different  ways  show  very  different  behavior.  The 
frequency  of  A  increases  linearly  with  stress.  B  and 
C  show  saturation  and  even  negative  changes.  Other 
diodes  made  the  same  way  as  A,  B  or  C  do  reproduce 
respective  curves. 

The  above  measurements  were  made  by  employing  a 
mechanical  structure  whereby  a  compressional  force 
through  a  rod  and  piston  arrangement  was  applied  to 
the  diodes  which  were  Immersed  in  the  bottom  of  a 
liquid  nitrogen  dewar.  Because  of  a  certain  amount 
of  unavoidable  friction  between  the  piston  and  the  re¬ 
taining  cylinder  there  is  uncertainty  of  approximately 
20%  in  the  stress  values,  which  led  to  a  scatter  in  the 
data  rnd  consequently  an  uncertainty  in  frequency.  In 
order  to  obtain  more  detailed  measurements  to  eluci¬ 
date  the  nature  of  the  optical  transition  as  well  as  to 
give  a  finer  frequency  control,  more  refined  stress 
equipment  was  designed  and  tested. 
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Experimental  orrangement  for  tfie  compression  measurements; 
the  crystallographic  orientation  of  the  GoAs  diodes  used  is 
indicated  at  the  right. 


Shift  of  the  incoherent  emission  line  from  three  typical  GaAs  diodes 
with  uniaxiji  compression  stress  ot  78^  K.  The  indicated  spread  of 
the  individual  data  points  represents  the  variation  of  the  results  of 
all  the  nwasurements  made  at  o  given  stress. 


o 
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Schematic  diagram  of  uniaxial  stress  apporatus 


O.ie  structure  comprised  a  piezoelectric  crystal  in  a 
laser  diode  clamped  together  enabling  the  force  to  be 
applied  by  electrical  means.  Thi.s  structure  allowed 
a  fine  control  of  the  frequency  of  the  laser  diode  by 
remote  control.  In  order  to  measure  the  resulting 
stress,  another  piezoelectric  element  was  included 
between  anvils  containing  the  diode  and  stressing 
crystal.  Although  the  above  structure  performed 
satisfactorily  at  low  stress  values,  it  could  not  be 
used  at  hig.h  siresses. 

A  structure  emt  loying  helium  exchange  gas  as  the 
stress  transfer  medium  was  finally  designed  and  tested 
which  yielded  satisfactory  results.  In  this  arr.inge- 
ment,  which  is  shown  on  Slide  10,  the  stress  is  ap¬ 
plied  to  the  diode  by  a  piston-like  arrangement  which 
coroorises  a  thin  copper  membrane  under  hydrostatic 
pressure.  Extremely  fine  control  of  the  stress  is 
po.ssible  by  control  of  the  gas  pressure  from  a  tank 
external  to  the  laser  dewar. 

To  summarize  the  results  of  this  program:  We  have 
shown  that  in  the  III-V  semiconducting  compounds  the 
general  features  of  double  photon  absorption,  liarmonic 
generation,  photo-conductive  frequency-mixing  and  fre¬ 
quency  tuningof  injection  lasers  by  uniaxial  stress  can 
be  understood  in  terms  of  the  band  structure  of  these 
materials. 

The  fact  that  a  double  plioton  absorption  can  set  intrin¬ 
sic  upper  limit  to  the  power  density  that  can  be  trans¬ 
mitted  through  media  where  the  mechanism  isotwrative 
warrants  further  measurements  to  obtain  accurate 
cross-sections  for  this  process.  Measurements  of 
double-photon  absorption  in  the  III-V  compounds  as 
well  as  other  semiconductors  vmuld  be  of  importance 
since  they  would  have  a  bearing  on  the  upper  limit  to 
the  power  obtainable  from  injection  lasers  made  from 
these  materials.  lit  the  case  of  gaseous  atmospheres, 
such  measurements  also  would  b’  of  importance  when¬ 
ever  one  uses  an  optical  wi.ndow  for  Iransmi.ssion  where 
there  is  a  state  available  at  twice  the  frequency  of  the 
window  so  that  double-photon  absorption  can  take  place. 


In  general,  the  measurements  of  double-photon  absorp¬ 
tion  would  be  of  value  in  that  they  also  yield  the  stimu¬ 
lated  emission  cross-sections  in  possible  double-photon 
laser  systems. 

The  further  exploration  of  the  use  of  photo-conductive 
frequency  mixing  as  a  means  of  determining  mobilities 
where  it  is  difficult  to  measure  small  mobilities  by 
conventional  transport  techniques,  seems  also  worthy 
of  further  activity. 

Since  we  have  shown  that  the  uniaxial  st  .ess  will  shift 
the  frequency  of  a  gallium  arsenide  laser  by  a  substan¬ 
tial  amount,  we  expect  other  injection  lasers  to  show 
similar  shifts  since  the  deformation  potentials  of  most 
materials  are  of  the  same  order  of  magnitude. 

PROF.  SOULES:  How  fast  does  the  convergence  occur 
when  you  sum  over  the  virtual  processes  in  a  solid 
material?  Boyou  have  problems  with  electrodynamic 
divergencies? 

PROF.  BRAUNSTEIN:  No.  The  sums  converge  quite 
rapidly  when  properly  done.  The  domlr,.int  contribution 
to  the  transition  probability  results  from  Intermediate 
slates  which  lie  closest  to  the  final  conduction  band. 

MR.  WHITE;  In  the  case  of  a  structure  using  a  piezo¬ 
electric  crystalandlaserdiode  clamped  together,  whv.l 
limits  how  high  a  frequency  you  can  modulate  or  shift 
freque.ncy? 

PROF.  BRAUNSTEIN:  In  such  a  structure,  the  load¬ 
ing  of  the  transducer  by  the  laser  diode  and  the  mis¬ 
alignment  of  the  clamping  anvil  with  the  diode  surface 
limits  the  magnitude  of  the  frequency  snift  as  well  as 
the  upper  limit  of  the  frequency  response.  It  should 
be  possible  to  frequency  modulate  at  rates  of  up  to 
1  mc/sec  with  practical  structures.  However,  a 
logical  extension  of  the  idea  of  piezoelectric  tuning 
would  be  to  prepare  epitaxially  a  laser  junction  on 
the  base  of  intrinsic  gallium  arsenide  or  other  piezo¬ 
electric  material  which  would  serve  as  the  transducer. 

In  this  manner,  it  should  be  possible  to  appreciably  ex¬ 
tend  the  frequency  response  of  such  tuning  means. 
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PROF.  SOULES:  Our  next  speaker  is  Dr.  Y.  R.  Shen 
of  the  University  of  California  at  Berkeley,  who  was 
associated  with  Professor  Bloembergen  at  Harvard, 
and  I  understand  that  now  it's  the  other  way  around, 
at  least  temporEirily. 

PROF.  Y.  R.  SHEN;  I  would  like  to  introduce  the 
(multimode  effect  in  the  stimulated  Raman  scattering). 
First  I  think  I  should  review  briefly  on  the  coupled 
wave  theory.  The  stimulated  Raman  and  Brillouin 
scattering,  parametric  amplification,  and  some  other 
problems  can  be  described  in  a  united  point  of  viev/  by 
the  coupled  wave  theory. 

Let  us  consider  first,  three  electromagnetic  waves  at 
different  frequencies. 


Dr.  Wang  has  recently  achieved  optical  parametric 
amplification  and  he  is  going  to  talk  about  this.  Here, 
in  a  .‘'lightly  modified  sense,  we  do  have  only  an  op¬ 
tical  frequency  converter,  it  we  replace  one  of  the 
EM  waves  here  by  the  optical  phonon  waves.  This  is 
the  case  oH  stimulated  Ranum  scattering. 

The  next  slide  gives  me  a  set  of  coupled  wave  equa¬ 
tions  with  a  vibrational  wave  replacing  an  EM  wave. 
Again  the  solution  indicates  that  the  stokes  wave  and 
the  vibrational  wave  will  go  together  in  coupled  modes, 
In  the  particular  case  when  the  vibrational  wave  is 
higlily  damped,  the  solution  reduces  to  the  results 
given  by  the  isolated  molecular  model,  since  then  the 
phonon  wave  is  essentially  localized. 


Could  I  have  the  first  slide  ? 


COUPLING  OF  THREE  WAVES 
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In  linear  media,  the  coupling  terms  Viinlsh  and  the 
three  waves  propagate  independently.  In  nonlinear 
media  however,  because  of  these  nonlinear  coupling 
terms,  they  propagate  in  the  coupled  modes.  The 
coupling  is  the  strongest  when  momentum  and  energy 
matching  conditions  are  satisfied.  The  coupling  con¬ 
stants  can  be  calculated  in  the  usual  way  from  the 
interaction  Hamiltonian,  art!  are  proportional  to  the 
scattering  matrix  element  with  one  photon  coming  in 
and  two  photons  coming  cut. 

For  those  who  believe  only  quantum- mechanics,  ! 
should  say  that  this  kind  of  description  can  be  justified 
completely  by  quantum-mechanics.  The  total  Hamil¬ 
tonian  is  H  -  H^^q^  +  +  Hinp  If  we  take  the 

matrix  elements  over  the  atomic  coordinates,  then  we 
are  left  with  a  reduced  Hamiltonian,  which  can  lie  de¬ 
scribed  in  terms  of  annihilation  and  creation  photon 
operators.  When  the  number  of  photons  is  large  i  r 
we  are  dealing  with  Glauber's  coherence  states,  we 
are  essentially  back  to  the  classical  wave  description. 

To  solve  tliis  set  of  nonlinear  coupled  equations,  the 
simplest  way  is  to  linearize  it.  We'll  assume  that  One 
wave  Is  the  pumping  field  that  remains  essentially 
constant.  Then  we  are  left  with  a  set  of  two  linear 
coupled  wave  equations  for  tiie  remaining  two  waves, 
and  the  solution  shows  that  the  waves  propagate  in 
coupled  modes.  This  is  the  case  of  parametric  am¬ 
plification  or  frequency  conversion.  I  understand  that 


The  next  slide  shows  the  energy  and  momentum 
malciiing  conditions,  w  r  -  W  j,  +  w  y  and  =  ks  +  ky 
The  horizontal  line  is  die  optical  plionon  dispersion 
curve.  Tlie  dotted  lines  are  given  by  tlie  linear  nio- 
mentum  matching  combinations  for  Die  forward  scat¬ 
tering  and  tlie  backward  scattering.  The  cross  points 
Rl  and  Rg  corresixmd  to  linear  energy  and  momentum 
matching,  where  the  coupling  is  close  to  maximum. 

In  principle,  Raman  and  Brillouin  effects  can  be  de¬ 
scribed  exactly  in  tlie  same  way  except  that  tlie  dis- 
jiersion  curves  of  optical  phonons  and  acoustic  phonons 
are  different.  In  the  Brillouin  case,  it  is  a  straight 
line  passing  through  the  origin.  However,  in  the 
Brillouin  scatt'ring,  thranscient  effects  may  set  in, 
if  the  laser  pulse  is  short  and  the  phonons  are  not 
highly  damped.  We  h.ave  figured  out  ways  to  find 
wheUier  the  transient  effect  is  important.  The  ex- 
l>eriment  will  be  done  at  Harvard.  Also  in  the  same 
language,  we  can  talk  about  light  coupling  wltli  spin 
waves.  We  just  replace  tlie  optical  plionon  wave  by 
the  spin  waves.  The  dispersion  curve  of  the  spin 
waves  is  w  =  a  +  bk^.  Again  in.  this  case  many  inter¬ 
esting  problems  appear.  Also  we  can  talk  about  light 
coupling  with  plasmon  waves.  Here,  the  optica, 
phonon  wave  is  replaced  by  the  ijlasmon  waives.  This 
just  shows  that  all  these  problems  can  be  described 
in  a  general  way  by  the  coupled  wave  approach. 

Now  we  want  to  show  how  coupling  between  laser  and 
stokes  modes  may  give  some  interesting  effects  in 
the  stimulated  Raman  scattering.  Consider  two  lasers 
inodes  at  the  same  frequency  but  propagating  in 
slightly  different  directions.  Momentum  matching 
condition  shows  that  the  stokes  radiations  in  two  spe¬ 
cial  directions  are  coupled  together  and  therefore 
have  different  gain  coefficients  than  the  stokes  radi¬ 
ations  in  oUier  directions. 
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The  next  slide  please. 

t  CE/*E^E^ 

C  H 


Ss  =  c{  N'  ^  N?*  jE/E;|} 


gg  +  gives  enhanced  Stokes  g.iin  in  the  phase  - 
matched  direction. 


-d~=c{jE^|=^.  |e/P}e^ 
^  =  CE;e/e^  .c{Je||2 


In  that  case,  we  have  two  coupled  wave  equations  tor 
the  two  stokes  beams.  Because  oi  the  coupling  terms, 
wo  now  have  two  gain  coefficients,  one  larger  and  one 
smaller  than  the  average  gain.  It  is  the  larger  gain 
coeCt'lcient  that  dominates  the  gain  of  the  stokes  waves 
generated  from  noise.  If  the  waves  are  linearly  mis¬ 
matched  by  dk,  the  solution  becomes 

dk-[j.fik-i2t^  =  -£-(E^2t  E^*)J 


This  linear  mismatch  apparently  will  give  a  decrease  in 
the  gain.  If  the  mismatch  is  large,  the.,  the  two  beams 
are  essentially  de- coupled,  .so  that  the  gain  again  re¬ 
duces  to  the  ord<narv  gain  for  uncoupled  Stokes  modes. 
But  W  dk  <  <(  »iWs^/c2k°^)Xt;  ■  then  we 

have  a  .strong  coupling  between  tne  twermodes  and  the 
apparent  Stokes  gain  is  enhanced.  Now.  suppose  that 
we  have  a  laser  beam  with  a  narrow  cone  of  wave  vec¬ 
tors.  Then,  only  tlie  Stokes  radiations  in  a  narrow 
cone  would  be  effectively  coupled  togethe-  to  the  laser 
radiation,  and  have  enhanced  gain.  Ttii,.  gives  rise  to 
the  observed  strong  increase  in  the  stokes  gain  in  the 
forward  direction,  which  cannot  be  explained  by  geo¬ 
metric  consideration  alone.  In  the  .space-time analogue, 
this  enhancement  of  gain  in  the  forward  iircction  is 
analogous  to  the  spectral  narrowing  in  tne  stimulated 
process.  As  the  spectral  lines  in  the  sUmulated  emis¬ 
sion  are  usually  narrowed,  so  is  the  spacial  distribu¬ 
tion.  Also,  the  multi- mode  effect  can  be  explained  in 
terms  of  hot  filaments  in  the  laser  beam.  In  that  sense, 
the  laser  beam  can  be  divided  into  N  elements,  where 
N  =  42*^-  ^  laser  cross-section, 

and  da  is  the  angular  spread  of  the  laser  radis  ^on  in 


the  wave  vector  space.  The  intensity  distribution  of 
the  laser  radiation  in  this  cross-section  can  be  cal¬ 
culated  from  the  two  dimensional  random- wal\  prob¬ 
lem.  It  is  given  by  W(I.)  =  J_  exp  (-  I^ /<!»». 

^  <V> 

Therefore,  some  filaments  may  have  higher  intensi¬ 
ties  than  other  filaments.  The  stokes  gain  will  have 
the  same  distribution  as  the  laser  intensity.  If  sat¬ 
uration  is  neglected,  the  stokes  generation  in  the  ith 
filament  is  gjjVen  by  Egj  -  Egj(o)  exp  {ggj  z)  (where 

Esi  (27r(js  ^c^ksz)  x  s^i  1®  I**®  gain)  in  the  ith 
element.  In  reality,  saturation  effect  always  comes 
In,  so  that  while  some  of  the  jiitense  filaments  already 
starv  to  generate  high  order  r<  diation,  other  elements 
are  still  below  or  just  above  thrf  shold  in  gener.oting 
the  first-order  stokes  l  adiatio,,.  At  the  output  of  the 
Raman  cell,  one  sees  Raman  radiation  of  many  orders 
simultaneously  present.  If  the  same  type  of  consider¬ 
ation  is  applied  to  the  temporal  modes,  we  cm  ex¬ 
plain  qualitatively  many  other  effects  obser\  ed  exper¬ 
imentally,  such  as  Raman  specti  al  broadening,  the 
dark  absorption  line  in  the  broadened  anti- stokes 
spectrum,  the  broadening  of  Mie  anti-stokes  ring,  and 
the  shifted  angular  position  of  the  anti-stokes  ring. 

I  shall  not  spend  time  here  in  going  into  detail.  Expla¬ 
nations  have  been  published  in  the  Physical  Review 
Letters.  Instead,  1  would  like  to  show  some  experi¬ 
mental  proof  on  the  multi-mode  effects.  These  ex¬ 
periments  were  performed  at  Harvard  by  Pierre 
Lallemand  in  Professor  Bloembergen's  group.  They 
were  designed  to  show  explicitly  the  multi- mode  ef¬ 
fects  in  the  stimulated  Raman  radiation. 

The  first  experiment  was  to  measure  the  output  Stokes 
radiation  from  a  Raman  cell.  A  polarizer  is  used  to 
vary  the  laser  inten.sity  without  changing  the  mode 
structure  of  the  laser  beam.  The  slide  shows  the 
Stokes  intensity  versus  cell  length.  Curves  for  Stoke.i 
intensity  versus  laser  intensity  at  constant  cell  length 
have  essentially  the  same  variation.  At  very  low  laser 
inlcnsily,  only  spontaneous  Kavnan  emission  Is  ob¬ 
served,  which  is  proportional  to  the  laser  intensity 
L .  The  sharp  bending  indie  ates  the  onset  of  the  stim- 
nated  effect.  It  is  noticed  that  .to  section  on  the  curve 
can  be  represented  by  a  straight  line  corresponding  to 
ex]x>nential  grov.'th.  This  is  because  regenerative 
action  for  Raman  oscillation  has  set  in  at  a  very  early 
stage.  The  second-order  Stokes  builds  up  in  a  similar 
manner  us  the  first-order  Stokes.  This  is  a  confir¬ 
mation  of  what  we  said  earlier  about  the  higher-ordur 
Stokes  radiatie.i. 

If,  however,  we  measure  the  output  from  a  Raman 
amplifier,  by  adding  another  cell  in  the  light  path, 
we  find  that  for  a  fixed  cell  length  ‘he  gain  decreases 
rapidly  as  the  distance  lietween  the  two  cells  incrca:  cs 
This  cannot  be  explained  merely  by  the  divergence  of 
the  beam.  It  can  however  be  explained  by  the  multi- 
mode  effect.  We  can  illustrate  it  by  the  example  of 
two  laser  beams  corning  into  a  Rama  :  cell  at  a  small 
angle.  The  Stokes  mrxie  which  has  higher  gain  con¬ 
sists  of  two  Stokes  waves  EB(kg)  and  Eg(kg )  coupled 
together,  with  ‘he  ratio  Eg/^g  -  ),  wliere 

(^^  -0/  )  is  the  relative  phase  difference  of  the  two 
laser  beams.  This  is  also  the  ratio  of  the  two  Stokes 
waves  coming  out  from  the  first  cell.  Even  if  we  have 
exact  momentum  matching  among  waves  in  the  first 
cell,  they  will  become  mismatched  in  the  air  due  to 
change  o.  indices  of  refraction.  Therefore,  the  ratio 
Eg/Eg  changes  relative  to  t'nc  laser  beams  as  the 
waves  traverse  the  air  between  the  two  cells.  When 
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they  ari’ive  at  the  second  celli  the  Stokes  beam  is  no 
longer  in  the  mode  wliicti  has  the  higher  gain.  The 
deviation  is  of  course  larger  for  layer  distance  be¬ 
tween  cells.  This  explains  why  the  Stokes  gain  in  the 
second  cell  decrdases  with  the  distance  between  colls. 


The  next  slide  shows  the  Stokes  gain  ve-sus  cclllength 
of  the  second  '•ell.  For  a  short  cell,  the  gain  is  tow, 
such  that  the  i  ponential  growth  can  be  approximated 
by  tlie  lineoa'  gro'wtii.  The  initial  slope  then  COW-s- 
spofids  to  the  average  gain  of  ail  modes.  This  aver¬ 
age  gain  should  be  used  to  detarmine  the  Raman  sus- 
c  ptitility.  For  larger  cell  lengths,  the  mode  witli 
the  highest  gain  becomes  dominating,  as  is  represented 
by  the  straight-line  portion  of  the  curve.  Eventually, 
satur.ttion  effects  set  In  as  tiie  laser  power  in  that 
mode  is  depleted. 

The  mode  effect  Is  also  demonstrated  In  anotlicr  ex¬ 
periment.  The  Riser  beiin  is  split  by  a  betim  splitter 
into  beams  jf  equal  tnlonsily,  which  then  excites  two 
identical  Raman  ceils.  For  ideal  beam  splitters,  the 
mode  structures  of  the  tv/o  beams  should  be  identical. 
The  Stokes  generation  should  also  be  identical,  bo  that 
the  point.s  on  the  slide  should  fall  on  the  diagonal  li.ne. 
For  a  non- ideal  beam  splitter,  the  mode  structures 
of  the  two  beams  would  not  be  identical,  and  there 
apixiars  a  spread  of  points  about  tlie  diagonal  line. 

The  spread  is  narrower  for  better  beam  splitters. 

PROF.  DAW:  Was  that  experimental  data  you  were 
sho'riiig,  or  is  that  -- 

PROF.  SHBN:  That's  experimental  data. 

MODERATOR  .SOULES;  Are  there  ary  other  questions'? 

DP.  CULVER:  Did  you  pul  aiy  material  with  different 
dis  persion  between  your  amplifiers  in  addition  to  just 
chi.nging  the  geometry? 


PROF.  SHEN:  Yes,  you  can  do  that,  too. 

We  are  planning  to  put  in  glass  plates,  and  If  you  put 
the  glass  plates  at  different  places,  you  will  see  dif¬ 
ferent  results. 

MODERATOR  SOULES:  Before  we  go  to  the  next 
scheduled  speaker,  we  liave  comments  by  two  members 
of  the  audience.  The  first  is  Professor  Schawlow,  of 
Stanford. 

PROF.  SCHAWLOW;  I  would  just  like  to  ask  Dr. 
Braunsteln,  in  view  of  the  calculations  he  has  made 
on  the  nonlinear  effects  in  nonlinear  absorption  in 
oxygen,  would  he  have  any  comment  on  the  feasibility 
of  tlie  device  shown  In  the  first  slide? 

Could  you  show  the  slide? 
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MODERATOP  SOULES:  The  next  speaker  is  Alex 
Glass,  of  EDA. 

DR.  GLASS;  We  have  heard  some  comments  this 
morning  about  nonlinear  effects  and  some  implications 
thereof  with  regard  to  limitations  imposed  by  the  at¬ 
mosphere  on  the  kind  of  beams  you  can  transmit.  I 
would  like  to  comment  very  br'eflv  on  some  implica¬ 
tions  of  recent  measurements  of  stimulated  Raman 
scattering  in  atmospheric  gases. 

The  inference  is  addressed  to  the  same  point,  what 
are  the  limitations  imposed  by  the  atmosphere  on  the 
transmission  of  high  intensity  beams. 

The  geometry  that  I  am  envisioning  is  something  like 
the  following:  We  iiave  an  aperture  of  a  certain  area 
A  and  we  are  pushing  a  a  high  intensity,  well-coUimated 
beam  through  this  aperture  into  a  certain  solid  angle 
dfl.  What  we  want  to  know  is,  as  a  function  of  the  dis- 
tai.ce,  how  much  of  ttie  light  we  originally  put  in  is 
going  to  be  converted  to  the  Raman-shifted  frequency, 
that  is,  to  the  first  Stokes  line. 

Tlie  following  equation  describes  the  way  the  Stokes 
intensity  builds  up. 

(dl^/dff)  =  j-y  +  (d  o/d  (l)y  i!  (1) 

The  first  term  describes  the  buildup  by  stimulated 
Itaman  scattering;  characterized  by  a  gain  coefficient 
y.  Tlie  process  is  *;iitiated  by  ordinary  Raman  scat¬ 
tering,  characterized  by  a  solid  angle,  the  cross- 
section,  and  dependent  on  the  intensi  ty  of  incident  light. 
Tnere  is  a  relation  between  the  gain  coefficienl  and 
the  cross-section  much  the  same  as  that  between  the 
Einstein  A  and  B  coefficients,  which  we  can  insert  to 
get,  for  the  geometry  envisioned,  the  intensity  at  the 
Stokes  frequency  as  a  funcuon  of  tlie  distance  down 
the  beam,  X . 

Ij  (A)  =  (riw.  A.  4)  (dil/A  j)|^exp  (yloA)-lj  (2) 

Here  A  is  the  width  of  the  Raman  transition,  df!  the 
solid  angle,  andwj^  and  the  radian  frequency  and 
wavelengih  ol  the  Stokes  line. 

Gamma  is  Uie  gain  coefficient  and  it's  very  much  the 
same  sort  of  creature  as  the  <7  2  that  Dr.  Braunsteln 
was  talking  about,  except  in  this  case  it's  not  absorp¬ 
tion,  it's  a  scattering  process,  Gamma  has  actually 
been  measured  in  a  variety  of  atmosplieric  gases  for 
a  variety  of  transitions  by  Dr.  Robert  Terhune  at  the 
Dearborn  Research  Laboratory  of  the  Ford  Motor 
Company.  His  work  has  been  published  on  vibrational 
transitions  in  hydrogen  and  deuterium,  aid  he  has 
some  preliminary  results  tor  nitrogen. 

A  calculation  of  gamma  tor  nitrogen  has  also  been 
made  there  at  the  labornlory  giving  a  value  of  gamma 
scmcthiiig  like  1.85  x  cra/watt.  The  other 

quantity  which  is  involved  Is  the  linewidth.  Now,  the 
width  of  the  Raman  transition  has  been  measured,  and 
appears  to  be  something  like  .  04  wave  numbers. 

We  had  a  quantity  Introduced  by  Dr.  Shen,  which,  I 
believe,  I've  heard  Profeosor  Bloembergen  call  the 
etendu.  It  is  the  product  of  the  aperture  area  A  tiroes 
tlie  solid  angle  dP,  divided  by  the  square  of  the  wave¬ 
length.  Tills  ratio  is  essentially  the  ratio  of  the  solid 
angle  the  beam  is  spreading  into  to  the  diffraction 
limit. 


We  can  now  recast  the  buildup  equation  in  terms  of  the 
simple  fundamental  quantities,  the  Raman  gain /'and 
linewidth  A,  which  are  characteristic  of  tlie  material, 
and  the  incident  power  Pgand  etendu  o,  characteristic 
of  the  incident  beam. 

If  we  call  the  Raman  conversion  ratio,  which  is  the 
ratio  of  the  intensity  at  the  Raman-shifted  frequency 
to  the  incident  intensity,  we  can  write  the  iollowing 
equation 

/?=  (llWJ^/4P^)7?[^exp(yPo/2A^,'r;-l^j  (3) 

If  you  look  at  the  exponential  factor,  which  was  pre¬ 
viously  AljjA,  you  see  that  it  no  longer  involves  the 
patli  length  A.  Tliis  was  eliminated  by  assuming  that 
if  the  plienomenon  was  going  to  liappeii,  it  would  hap- 
Ijen  in  a  distance  from  the  end  of  laser  in  which  the 
area  of  the  beam  increases  by  a  factor  of  two. 

Ill  other  words,  the  beam  is  diverging  and  tlie  nature 
of  such  an  effect  is  that  if  it  doesn't  hapix;n  in  a  dis¬ 
tance  in  whicli  the  diameter  increases  by  a  factor  of 
two,  then  it  isn’t  going  to  liappen  at  all.  So  that's  the 
sort  of  argument  tiialwas  used  to  eliminate  the  V,  and 
cast  it  all  in  terms  of  these  few  simple  parameters, 
which  appear  to  be  tlie  fundamental  quantities  involved. 

So,  then  we  can  put  some  numbers  in  and  see  what  we 
get. 

1  should  mention  first  ol  all  lliat  tiie  measurement  of 
y  that  has  been  made  lias  not  been  made  in  tlie  oiien 
air,  but  instead  has  been  made  in  tlie  focused  beam. 

Now,  a  very  similar  expression  obtains,  except  for 
some  factors  of  two,  if  you  look  at  the  lllrcshold  for 
buildup  of  stimulated  Raman  scattering  in  the  focus. 

So,  we  liave,  as  I  say,  a  relatively  good  idea  of  what 
y  is,  both  from  exjieriment  and  from  calculation,  and 
I  tliiiik  I  mentioned  this  is  for  a  rotational  transition 
in  nP.’ogen.  It's  a  small  shift,  something  like  eighty 
wave  numbers  involved,  and  it’s  a  narrow  line.  We 
can  plot  minus  the  log  10  of  the  conversion  ratio  /$  as 
follows: 

Now,  is  ?;is  one,  this  po'ver  is  something  like  10^ 
watts;  and  if  rj  is  100,  this  power  is  something  like 
10^  watts;  but  tluc  lias  to  be  power  witliiii  the  line- 
width  of  the  transition,  of  course.  So  that's  the  con¬ 
clusion  that  one  arrives  at. 

As  far  as  we  know,  Ihere  is  no  laser  operating  right 
now  which  would  be  capable  of  causing  stimulated 
Raman  scattering  in  tlie  open  air  in  an  unfocused  beam. 

However,  the  inference  is  tlial  we  are  not  far  from 
the  point  wliere  this  will  be  seen,  and  this  is  obviously 
something  lhal  has  to  be  kept  in  mind. 

I  might  point  out  that  we  saw  in  the  two  pliolon  absorp¬ 
tion  that  there  was  a  number  wliicli  cliaraclerized  the 
point  at  which  tlie  two  pliolon  absorption  would  essen¬ 
tially  limit  tlie  propagation  of  a  beam  in  oxygen. 

We  had  y  here  of  1.85  x  10'^^,  the  corresponding 
figure  lor  the  two  photon  absorption  from  tlie  numbers 
given  is  something  like  10“^^,  so  it  would  apiiear  that 
this  would  be  the  plienomenon  which  would  enter  first. 
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nutnun  Conversion  Ratio  P  vs.  Power  P  For  Sevciol  Value;  of 
Elendu  ij. 


PROF.  SUDRAMANIAN:  Oo  you  have  some  number 
un  this  power  that  you  are  lalkinK  about?  What  is  the 
iiower  level  that  wg  will  be  able  to  abaei've  the  Ranian 
scallerlni?? 

DR.  GLASS:  This  is  it,  108  with  arvetendu  of  1;  10^ 
at  100.  1  took  some  numbers  from  talking  to  various 
people  who  had  obtained  big  lasers  commercially  and 
put  in  these  numt'crs,  and  find  they  all  tend  to  fall 
ju.st  shortof  the  threshold.  The  factors  that  come  in, 
you  need  to  know  the  power,  you  need  to  know  in  what 
linowidth  this  power  is  concentr.ited,  and  you  need' to 
know  the  lieam  divergence  in  effect. 

PROF.  SCHAWLOW:  Has  Terhune  measured  the 
stimulated  Ram  effect  at  a  pressure  low  enough  .so 
that  the  rotational  structure  is  resolved? 

DR.  GLASS:  Yes,  he  has  measured  it.  Well,  he  feels 
that  he  has.  Now,  1  am  taking  advantage  of  some  con¬ 
versations  with  Dr.  Terhune,  and  the  work  is  very 
preliminary  insofar  as  the  experiment  goes.  Their 
laser  pooix?d  out,  is  the  way  I  think  you  have  to  put  it, 
tiut  they  arc  getting  a  new  laser  which  ought  to  be 
capable  of  pinning  this  down,  and  there  arc  some  other 
experiments  In  progress  at  other  places  which  may 
also  shed  some  light  on  it. 


DR.  QUELLE:  Thai's  with  nitrogen.  The  point  is 
with  going  to  hydrogen  or  something  like  that,  a  gas 
Itas  a  much  lower  tlmeshold,  yuu-have  iilcnty  of  powar 
so  as  to  see  these  things  in  focus. 

PROF.  SCHAWLOW:  Of  course,  in  the  oxygen  ease 
it  was  a  vibrational  transition.  The  atmosphere  is 
not  compo.sod  of  hydrogen. 

DR.  GLASS:  There  are  a  numlier  of  questions  involv¬ 
ing  what  tlic  true  nature  of  llic  focused  beam  expoii- 
ment  is,  because  at  the  iocus  the  rolational  Raman 
scattering  is  accompanied  by  breakdown,  and  it'.n  liel 
simply  nitrogen  gas  inwhich  this  is  occurring,  but  it 
appears  to  be  something  with  a  lot  of  free  electrons. 

DR.  CULVER:  Although  we  may  not  be  tunning  into 
applications  of  the  particular  lasers  that  arc  going  to 
break  down,  yet,  such  as  using  them  as  radars,  this 
might  be  observed  by  running  it  through  a  series  of 
focus.  At  eacli  focus  you  ought  to  be  able  to  get  tliC 
gain  that  you  got  at  the  preceding  one,  if  you  can  re¬ 
produce  the  focus,  and  then  you  ought  to  be  able  to 
per.,  .ps  confirm  these  results  except  for  multi -mode 
effects , 

That  would  be  rather  interesting,  in  fact. 
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MODERATOR  SOULES:  Our  next  speaker  is  Professor 
Subramanian,  of  Purdue  LViiwrsity,  whohas  beendoliig 
some  experiments  on  higher  order  effects  of  laser. 

PROF.  M.  SUBRAMAfRAN:  My  problem  is  some¬ 
thing  similar  to  what  Braunstein  told  in  his  presenta¬ 
tion  of  how  he  is  trying  to  get  started  in  a  new  place, 
and  it’-s  about  the  same  for  me,  too. 

For  the  past  year  and  a  half  I  have  been  estab.lshlng  a 
laboratory,  for  conducting  experimental  research  at 
Purdue's  School  of  Electrical  Engineering.  I  think  I 
might  probably  be  a  little  bit  of  a  misfit  because  most 
of  the  people  here  are  physicists,  and  in  fact,  my  talk 
will  also  be  more  towards  engineering  oriented. 

The  primary  work  on  the  nonlinear  objects  at  Purdue 
now  is  having  two  phase.s;  One  is  the  dc  polarization 
which  I  have  been  working  on  tor  the  last  couple  of 
years,  and  the  second  phase  is  subharmonic  generation 
which  we  recently  started  within  the  last  tew  months. 
Essentially  what  I  will  do  now  is  give  you  a  brief  prog¬ 
ress  report  on  what  we  have  achieved  in  therms  of  the 
dc  polarization,  and  then  describe  the  preliminary 
work  that  we  have  started  on  the  subharinonic 
generation. 

Tlie  dc  polarization  was  observed,  two  years  ago,  and 
it  was  i-eported  by  Bass  and  Frank,  from  Michigan 
University,  and  also  we  presented  a  paper  on  it  in 
Brooklyn  Polytechnic  Symp.  on  Optical  Masers. 
Actually,  I  will  show  you  a  couple  of  slides  borrowed 
from  that  conference  to  orient  the  people  who  are  not 
familiar  with  the  dc  polarization. 

May  I  have  the  first  slide,  please? 

p  =  a^E  +  SgE  +  a^E"^  +  ... 


P  'T  cos  t  +  —  (l  +  COS  2  t)  + 
a 

(3  cos  t  +  cos  3  t)  +  ... 


The  dc  polarization  that  I  am  talking  about  essentially 
coriesponiis  to  this  term  here.  For  the  sake  of  cdu- 
viatlonal  purpose,  I  am  presenting  the  polarization 
equation  in  the  sc.alar  form.  Tlie  rest  of  my  talk  on 
the  dc  polarization  is  essentially  concerned  with  this 
term  over  here.  My  calculations  arc  for  the  can  of 
tlie  propagation  througli  a  uniaxial  crystal  along  the 
direction  of  optic  .axis.  For  this  can  we  nan  find  out 
that  the  dc  polarization  is  given  by  the  term,  that  is 
shown  in  the  next  slide. 


Plane  polarized  light  : 

IpI  ■  r  ‘“x  *  ‘y  ■’ 


Circularly  polarized  light: 

(Pj  =  0 


For  the  plane-polarized  beam,  this  is  what  we  get 
which  essertially  shows  that  the  magnitude  of  the  dc 
polarization  would  be  directly  proportionate  to  the 
power  in  the  laser  beam. 

Tills  led  us  to  the  Interesting  idea  that  'vie  could  see 
this  dc  polarization  as  a  meter  for  measuring  lb  power 
In  high-power  lasers  and  the  further  Work  that  we 
were  in  was  toward  this  goal.  Let  me  point  out  one 
more  fact  here  which  is  probably  the  question  that 
many  of  you  may  ask  about  the  material  we  have  chosen. 
The  material  I  chose  was  quartz  crystal,  whicli  has 
low  nonlinear  polarization  coefficient  compared  to 
KDP.  Now-a-days;  we  have  cadmium  sulfide  which  has 
aniuch  larger  magnitude.  The  reason  for  this  choice 
is  that  the  major  problem  was  of  getting  rid  of  the 
pyroelectric  effect  in  these  crystals.  Since  quartz  has 
the  least  amount  of  pyroelectric  effect,  my  first  choice 
W.1S  this. 

Initially,  I  took  the  electrodes  away  from  the  quartz 
crystal,  and  tliis  way  I  reduced  the  heating  effect 
considerably.  I  was  also  able  to  overcome  the  prob¬ 
lem  of  building  an  arnplifiei ,  even  though  it  was  of 
low  sensitivity.  Our  present  work  now  is  just  getting 
started  with  the  other  crystals. 

So,  with  this  introduction  on  the  material,  if  we  actu¬ 
ally  plot  the  polarization  direction  with  respect  to  the 
incident  polarization  of  the  radiation  field,  we  would 
get  a  figure  of  something  like  tlie  one  that  is  shown 
in  the  next  slide  here.  Tlie  X  and  Y  are  the  principal 
axes,  and  if  you  choose  the  incident  polo.rization  to 
be  polarized  along  the  X  prime  axis,  then  the  dc 
polarization  is  oriented  with  respect  to  the  X  axis  of 
the  crystal  at  an  angle  2  $.  This  provides  us  with  a 
very  interesting  proof  that  we  are  observing  the  do 
poiarizalion and  nothing  else.  If  we  rotate  the  crystal 
through  an  angle  0,  keeping  the  polarization  constant, 
then  we  would  observe  the  dc  polarization  to  rotate 
through  an  angle  2  0  --  that  means  if  we  rotate  the 
cryst.ai  through  90°  in  a  positive  direction,  we  should 
be  able  to  observe  tlie  dc  polarization  rotated  In  a 
negative  direction  through  180°.  This  is  the  first 
conclusive  proof  that  we  had  for  the  dc  polarization. 


For  measuring  this,  Ihave given  to  —  chronologically 
pul  the  subject  in  the  conference  here.  I  also  give  the 
old  setup  we  had  to  measure  this  with. 


IN  Jilin  ipifj'i. 


May  I  have  the  next  slide,  please  ? 


So  you  can  see,  tfiis  is  typically  18tli  Century  setup  in 
the  University,  and  the  universities  are  poor.  That's 
a  la  ser  which  is  using  a  helical  flash  tube  and  is  cap¬ 
able  of givingkilo- watts  oitput.  Atthattime  wedidn't 
have  a  ninety  degree -ruby  rod  and,  hence,,  to  get 
Ur  early  polarized  output  we  had  to  use  a  polarizer. 
This  is  the  initial  quartz  mount  we  had,  and  the  major 
problem  in  building  this  amplifier  (which  probably 
took  around  three  or  four  months)  is  getting  tlie  high 
input  impedance  and  at  the  same  time  wide  band  and 
high  sensitivity. 

The  quartz  crystal  ii  ’If  has  very  high  input  impedance 
and  very  low  capa  .,i,^nce,  and  anything  you  put  into 
your  detector  froi  i  this  side  is  going  to  be  divided 
according  to  the  r.  tio  of  the  capacitances. 


Input  capacitance  was  a  major  problem  to  me,  and  so 
wo  had  to  devise  a  special  setup  which  was  balanced. 
All  the  components  were  built  inside  the  unit.  Inci¬ 
dentally,  even  tho.igh  the  DC  polarization  is  caused 
by  the  same  term  as  the  second  harmonic,  there  is 
actual  power  transfer  to  tlie  second  iiarmonic.  By 
adjusting  tlie  phase  conditions  we  could  increase  the 
output  of  tlie  second  harmonic.  However,  in  the  case 
of  DC  polarization  there  is  no  power  transfer.  All 
we  see  is  a  pulse  in  the  condition  of  the  field  while 
being  sot  up  or  decaying. 


I  have  in  the  next  slide  the  output  that  we  got  out  of 
our  system.  May  I  have  the  next  slide,  please? 


You  see,  this  sensitivity  here  is  a  50  microvolts  per 
centimeter,  and  the  noise  of  the  amplifier  itself  was 
fifty  microvolts  per  centimeter.  We  had  a  hard  time 
in  getting  any  decent  output  at  all  with  this  system 
here,  and  -- 

MODERATOR  SOULE.S:  Can  you  tell  us  what  imped¬ 
ance  you  were  able  to  achieve  ? 

PROF.  SUBRAMANIAN:  The  input  impedance  of  the 
detector  was  ten  megohms  with,  if  I  remember  right, 
about  eight  or  nine  picofarads. 

MODERATOR  SOULES;  Could  this  be  improved  con¬ 
siderably  with  the  now-a-days  transistors? 

PROF.  SUBHAMi.,NTAN;  Probably  not  as  much  ss  the 
ones  we  built  recently.  This  is  using  RCA  nuvistor 
tubes. 

MODERATOR  SOULES;  The  field  effect  transistor 
has  a  fraction  of  the  picofarads  on  ten  to  fifteen  megh- 
ohms,  that's  why  I  wondered. 

PROF.  SUBRAMANIAN;  You  can't  go  too  high  in 
impedance.  In  that  case,  we  can  use  an  electometer 
amplifier. 

MODERATOR  SOULES;  This  is  a  relatively  high  band. 
Good. 

PROF.  SUBRAMANIAN;  We  can  see  clearly  here  that 
for  a  ninety  degree  rotation  the  DC  polarization  goes 
from  a  negative  value  to  a  positive  value.  I  also  have 
a  curve  which  was  presented  at  the  laser  conference 
wliich  shows  tlie  linearity  of  the  power  content  of  the 
beam  with  respect  to  tlie  DC  polarization. 

By  the  way,  that  was  assuming  a  circular  beam  which 
is  very  normal  in  the  case  of  most  of  the  ruby  lasers. 
The  DC  polarization  is  only  a  function  of  the  beam 
intensity  and  not  a  function  of  the  diameter.  Tliere  is 
normally  the  divergence  of  tlie  beam  and  one  of  the 
major  worries  is  whether  this  would  affect  the  reading 
that  we  would  get,  and  in  doing  .some  specific  experi¬ 
ments  with  defocusing  and  focusing  the  beam,  we 
found  that  there  was  absolutely  no  difference  at  all  in 
the  output,  which  confirmed  the  first  order  anrlysis 
that  I  made  on  tliis  system. 

The  next  point  Uiat  I  wanted  to  investigate  was  if  to 
increase  the  DC  polarization  output  by  using  high 
power  laser  beam  and  observe  the  spiking  phenomenon. 
Otlier  people  have  looked  into  the  spiking  phenomenon 
in  the  second  harmonic  wiUi  respect  to  tlie  fundamental, 
and  I  wanted  to  do  a  similar  experiment  witli  tlie  DC 
polarization  and  see  what  kind  of  correlation  exits 
between  the  fundamental  and  DC.  And  to  achieve  this 
goal,  since  I  didn't  have  money  to  buy  a  new  laser 
which  costs  about  $25, 000. 00,  I  built  a  laser  myself, 
and  tills  was  almost  a  six  months  project  in  building 
the  laser. 

The  major  diflerencein  the  laser  that  I  built  from  tliat 
of  the  commercial  lasers  is  tliatiusedtwo  linear  flash 
tubes  connected  in  series  in  a  double  elliptical  cavity 
instead  of  in  parallel,  which  is  the  common  way  you 
would  have  seen  in  a)!  the  commercial  lasers.  The 
reason  for  doing  it  is  ttiat  it  turned  out  to  be  econom¬ 
ical,  and  efficient. 
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!  wasn't  sure,  init.'ally  that  this  would  'oe  the  case. 
Hence,  I  made  some  preliminary  experiments  and  it 
showed  that  I  wouldn't  be  at  any  disadvantage,  and  so 
we  went  a]ie,;d  and  built  a  laser  wliich  is  giving  more 
than  a  hundred  joules  output. 

1  am  still  not  operating  at  the  peak  output  tliat  it  can 
give.  I  think  it  will  give  around  200  joules  maximum. 
The  period  of  tiie  pulse  would  be  somewhere  in  tlie 
oi'der  of  600  microseconds. 

We  finished  building  tliis  laser  last  summer,  and  we 
have  been  operating  continuously  so  far,  and  we  have 
not  had  any  bad  luck  at  all  with  tlie  laser,  so  essen¬ 
tially  we  can  probably  build  much  cheaper  lasers  now, 
high  powered  lasers,  with  this  technique  available. 

Of  course,  we  have,  now,  less  stringent  restriction 
as  far  as  building  the  ;..r.plifier  is  concerned,  since 
we  have  a  higher  output  of  the  laser  availabb .  So  I 
went  ahead  and  build  a  new  ampUi'ier  using  RCA 
nuvidtor  tubes.  Essentially  it's  a  difference  amplifier 
at  the  input  stage. 

Now.  in  the  previous  case  tliere  was  no  gain  at  all  in 
the  system,  whereas  now  iirthe  new  amplifier  we  have 
a  gain  of  twenty.  The  new  set  up  now  makes  possible 
for  us  to  observe  the  spikings. 

May  I  have  the  next  slide? 


That's  the  now  setup  we  liave,  and  I  should  also  warn 
you  of  the  fact  tliat  these  are  all  r.aw.  It  look  a  while 
for  us  to  get  this  amplifier  built,  and  it  was  done  only 
about  a  week  or  ten  days  ago,  .so  you  see  llie  amplifier 
is  built  in  a  coffee  can  still  in  Its  preliminary  condition, 
with  seven  nuvlslor  tubes.  This  is  the  laser  we  have 
which  is  capable  of  giving  400  joules.  There  is  still 
the  problem  of  the  beam  diameter  (the  ruby  diameter 
is  5/8  of  an  inch).  When  it  comes  out,  oven  (hougli 
the  crystal  that  I  am  using,  is  two  centimeicr  In  diam¬ 
eter.  I  have  the  problem  of  Uie  beam  liilting  the  plate, 
so  I  have  to  use  the  lens  to  contain  Urn  beam  within 
(lie  crystal  to  reduce  llie  noise  pickups.  The  results 
are  shown  on  the  .next  slide. 

See,  now,  we  are  having  a  ve''y  high  output  witli  very 
less  noise  here. 

I  sliould  have  explained  wliat  these  two  curves  are. 
Tlie  bottom  one  actually  represents  the  oultwt  from  a 
photo-tube.  Th.it  shows  the  laser  pul.'  >.  'This  is  the 
laser  pulse  now,  and  tills  Is  the  DC  polarization  pulse 


that  we  see,  and  there  is  a  residual  effect  which  I  am 
not  positive  whether  it  is  due  to  overshoot  or  due  to 
the  pyrolectric  eftect.  There  is  remnant  pyro  effects 
still  present,  but  we  can  see  that  this  noise  level  is 
considerably  reduced. 


The  sensitivity  of  this  scale  is  two  milii-volts  per 
centimeter,  so  we  have  a  very  efficient  system  of 
measuring  the  DC  polarization. 

The  technique  being  more  perfect,  we  get  a  large  sig¬ 
nal  on  Uie  DC  polarization,  and  so  the  next  logical 
step  is  to  try  to  see  whether  the  epilcing  piifinomena 
can  be  observed  in  tlie  DC  polarization. 

MODERATOR  SOULES:  Are  those  two  ninety  degrees 
out  of  phase  ? 

PROF.  SUBRAMANIAN:  Yes,  they  are  ninety  degrees 
out  of  pliase.  This  is  tlie  spiking  on  the  laser  pulse 
you  see  on  the  bottom  trace,  and  the  spiking  that  we 
see  on  the  upper  trace  is  due  to  the  DC  polarization. 


You  can  see  tliat  the  bandwidtii  of  tlie  amplifier  is 
limited,  so  you  don' (get  the  correct  spikings  from  the 
DC  (xilarization.  They  are  kind  of  rounded  off. 
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In  all  these  cases,  (even  though  the  comments  I  make 
are  not  conclusive  now),  as  it  is,  we  don't  see  any 
correlation  between  the  two.  We  sec  in  this  region 
there  seems  to  be  a  correlation,  but  in  those  regions 
actually  here  we  have  the  maximum  coming  in  unless 
tliere  is  some  noise  that  is  actually  introduced,  but 
corresiwnding  to  these  levels  here,  power  output  of 
the  laser  is  very  small  as  apparently  there  is  no 
correlation. 

I  have  a  tew  more  pictures  that  I  have  taken.  These 
were  all  taken  only  during  one  day.  and  as  somebody 
else  was  saying,  laser  went  kaput.  So  far,  one  of 
the  major  problems  ot  the  laser  that  we  have  come 
across  (twice)  is  the  burning  of  the  coil. 

Actually,  it  s  not  the  coil  it.'.elf  that  gets  burnt,  but 
it's  the  connection  to  the  coil  because  of  the  large 
amount  of  (about  three  thousand  amperes)  current 
flowing  through  that  for  each  shot.  This  is  a  very 
minor  problem  as  far  as  the  oiieration  of  the  laser  is 
concerned. 

The  next  slide  sliows  actually  the  same  kind  oi  picture 
With  one  micro-second  time  scale.  We  see  actually 
the  laser  pul.se  spiking  process  corresponds  to  approx¬ 
imately  one  micro-second  which  is  what  people  have 
observed  earliti’. 


Again,  the  correlation  is  not  too  rigorous  between  the 
two  pulses,  but  I  have  to  do  mors  experiment  on  this. 
In  fact,  if  we  go  aliead  and  do  this  with  a  high  power 
laser  and  with  a  crystal  which  has  high  nonlinear 
coefficient,  we  should  expect  better  results. 

MOrrRATOR  SOULES;  What  Is  the  time  constant  ot 
the  pyroelectric  effect?  Does  it  follow  these  rapid 
changes? 

PROF.  SUBRAMANIAN:  No.  The  rise  time  seems 
to  lie  almost  following  the  pulse,  but  the  falling  time 
seems  to  be  very  slow.  In  fact,  even  in  this  I  think 
there  is  still  a  little  bit  ot  pyroelectric  effect  which 
I  can  show  by  the  slide  which  is  showing  the  two  pulses, 
the  positive  and  negative. 

See  (ref.  .slide  5),  In  the  first  slide  the  two  peaks,  that 
Is.  thi°  pv..uc  and  this  [Wak  actually  corrosixmded  when 
I  did  the  initial  c-sperlment.  but  in  this  high  iwwcred 
laser,  you  see.  it  if.  not  actually  closely  followed. 
There  Ls  a  little  bit  of  lag  which  I  think  Is  due  to  pyro¬ 
electric  effect,  tills  is  the  laser  pulse  hero,  whereas 
the  pyroolectblc  pulse  here  occurs  this  way,  Tliere  Is 
a  lag  on  tlie  DC  pulse  which  may  bo  due  to  that  pyro¬ 
electric  effect  which  still  has  to  be  investigated  and 
that's  about  the  progress  we  have  achieved  In  this  DC 
polai'i'/.ation  so  far. 


f  tliinklwill  talk  about  our  efforts  on  the  subharniinic 
project.  In  the  meantime,  if  anybody  has  any  question 
on  this.  I  will  be  glad  to  answer  it. 

fvIR.  WHITE:  What  did  you  decide  finally  about  the 
feasibility  of  apower  meter,  using  the  DC  polarization? 

PROF.  SUBRAMANIAN:  It  you  want  to  observe  this 
spikings  in  tlic  power,  then  I  am  not  sure  tliat  we  can 
use  it.  but  if  you  are  interested  only  in  following  the 
envcloiie  of  the  pulse  in  the  high  power  laser  (anything 
above  fifty  joules  seems  to  be  a  very  nice  figure  to 
use  on  this)  then  you  can  very  definitely  follow  it. 

One  of  the  configurations  I  used  in  Ihe  earlier  setup 
was  to  actually  put  in  some  numbers  on  this.  Without 
making  any  approximations,  I  put  in  the  electrodes 
exactly  corresponding  to  onipotential  lines,  which 
simplified  the  problem  very  much.  You  can  actually 
build  a  ix'wer  meter  using  this  idea. 

On  tlie  subharmonic  generation,  [xsople  have  already 
talked  about  this,  (starting  from  Bloembergen  and 
Armstrong'.*;  article).  Franklin  also  put  forth  a  trav¬ 
eling  wave  mode  of  par.imetrlc  subharmonic  genera¬ 
tion,  and  1  think  he  came  up  willi  a  number  of  twenty 
Ihou.sand  centimeters  lor  using  a  power  of  tei>  kilowatt.s. 
and  a  nonluiear  coefficient  of  the  order  of  ten  ESU. 

This  doesn't  seem  to  be  practical.  However,  King.strm 
came  up  witli  the  idea  tliat  you  can  use  a  cavity  mode 
and  this  increases  efficiency  mucli  higiier,  and  in  fact 
sonic  of  liis  ideas  have  just  come  out  In  the  latest 
•January  issue  of  the  proceedings  of  the  I.  E.  E.  E. , 
wlicro  iio  comes  out  with  a  number  of  two  hundred 
kilowabh.  If  you  have  a  two  hundred  kilowaU  pulse 
ot  laser,  then  you  can  actually  build  a  subharmonic 
generator. 

However,  until  today,  nobody  has  come  out  witli  a 
device  that  produces  a  subliarmonic  generation. 

I  have  been  thinking  aboulthis  fur  the  past  four  months 
or  so.  and  I  am  trying  to  approach  this  subject  from  a 
slightly  different  viewpoint. 

The  (xsint  tliat  I  am  taking  actually  is  an  e.xtcnsion  of 
the  circuitry  concept  that  people  have  extcnsivelv 
worked  out  in  detail  as  far  as  generating  parametric 
subliarnionlcs  at  circuitry  frequencies.  The  basic 
difference  between  llie  two  methods  is  that  one  con¬ 
siders  the  transfer  of  power  from  the  funadment.il  to 
the  subharmonic  by  harmonic  balancing  scheme. (tlial 
Is,  the  total  power  constant,  and  certain  ixnvor  is 
transferred  to  the  subliarmonic)  whereas  in  tlie  case 
of  the  other  approach  (which  is  dealt  niainiy  by  niatlie- 
iiiatlcal  formulation),  a  resonant  circuit  at  sOnio  fre¬ 
quency  w  connected  to  a  variable  capacitor  which  lias 
a  frequency  of  2  w.  Unfortunately  I  don't  liave  any 
slides  on  thi.s  and  so  I  will  describe  it  for  on  the 
blackboard. 

If  you  have  a  tank  circuit  willi  a  ceriaiii  los.s  ehniieiit 
G  ,  and  comiecl  acioss  this  a  capacitor  AC.  tliat  i.s 
dftven  at  Cos  2  ut  wliere  u  — 'Tlien,  under 

certain  conditions  you  cun  observe  the  system  to  be 
unstable  and  subliarmonic  to  be  dcvcloiied. 
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The  way  to  aiialyr.e  Uiis  is  to  write  tlie  equation  for  this 
system  in  terms  of  charge. 


d^Q  Ge_dQ 
dT2  C  dt ' 


(1  - 


CO 


cos  2  w  t)  -  0 


Letting  4  =  U(t).  and  assuming  a  solution  of  the 

form 

x(t)  =  Xq  +  kx  sinwt  +  kg  coswt  (5) 

+  kg  cos  2tjt 


We  can  make  some  substitutions  in  this  equation  and 
reduce  this  equation  to  a  set  of  Mathieu's  equations. 
The  Mathieu's  equation  would  be  of  the  form 

+  (a  -  2q  cos  2  ut)  U  0 

dT*^ 


we  can  obtain  from  Eq.  (4)  the  following  Mathieu, 
equation 

—  +  j-djj  +  2  ^  et,cos(uiot  -  U  -  0  (6) 

V  -  1 


The  details  on  this  can  be  found  out  from  the  Ixiok  by 
Chang  on  "Parametric  and  Tunnel  Diodes.  " 

If  you  plottlie  stability  diagram  for  this  witli  the  axes 
as  q  and  a,  then  we  get  the  figure 


a 


q— 

something  of  this  form  where  these  corresixindto  the 
.stable  region,  and  this  corresixinds  to  tlie  unstable 
region,  ft  has  been  observed  that  a  iarge  amount  of 
iwwer  can  bo  transferred  from  the  fundamental  to  the 
subharmonic  at  the  circuit  frequency. 

Now,  the  question  is  whether  such  a  system  could  be 
u.scd,  applying  this  concept  to  the  light  frequency.  At 
optical  frequencies,  we  have  the  same  sort  of  system 
wherein  we  are  changing  the  dielectric  constant  with 
the  radiation  field  and  hence,  we  siiould  get  tlie  same 
.sort  of  behavior,  ff  we  could  also  analyse  thi.s  from  the 
quantum  iiiecliaiiical  concept, 

Tlie  phenomenon  of  the  interaction  of  radiation  with 
the  nonlinear  dielectric  medium  will  be  illustrated  by 
considering  a  one-dimensional  anliarmoiiic  oscillator 
that  is  subjected  to  the  forcing  field  caused  by  '.he 
radiation.  In  the  absence  of  radiation,  the  Hamiltonian 
of  the  system  is  of  the  forni^ 

t  -  1^x3  -  lnx4U) 

where  m  is  the  mass,  p  the  momentumof  the  particle, 
X and  Tl  constants  of  Ihc  system,  and  xis  the  displace¬ 
ment  of  the  particle  from  its  equilibrium  position.  In 
the  electric  dijxile  approximation,  the  iiitnracUon  of 
the  system  with  radiation  is 

II, uX  "1*^0  ^  0  )  (2) 


This  is  exactly  the  same  type  of  eqe  Hon  that  we  saw 
earlier  (equation),  and  here  we  can  put  in  the  various 
values  that  we  have,  and  this  would  give  exactly  iden¬ 
tically.  So.  the  idea  that  I  am  tliinking  of  is  if  there 
is  going  to  be  a  good  transfer  of  power  in  the  case  of 
circuit  relationships  in  terms  of  transferring  from 
the  fundamental  to  tlie  subharmonic,  then  we  could 
approach  the  subject  exactly  in  an  identical  manner 
and  get  some  results  also  using  this  approach.instead 
of  using  the  harmonic  balance  aiipi'oach. 

So.  the  work  on  this  is  based  on  the  approach  that  I 
have  given,  and  we  have  also  set  up  the  initial 
e.xperimcnt,  I  think,  that  is  shown  in  the  next 
slide.  I  have  two  slides  on  this. 


This  is  the  laser  we  have,  and  it's  interesting  to  also 
mention  here  Uiat  this  was  taken  with  no  external  lights 
at  all,  and  just  by  firing  tlie  laser  so  the  external 
Uglits  for  taking  the  exjiosure  was  given  automatically 
by  the  laser  light,  so  you  can  see  the  intensity  of  the 
laser  pulse  in  nere. 


It  was  also  interesting  because  pec  pie  have  tried  very 
hard  to  take  pictures  of  tlie  lasers. 


ivdiere  c  is  the  electronic  charge  and  Eg  co.s  (2tJt  +<^) 
IS  the  incident  inonoclironiatic  radiation.  From  Eqs 
(1;  and  (2)  the  equation  of  motion,  including  a  dissipa¬ 
tive  term,  for  the  .sy.stom  can  lx-  written,  which  will 
as.sunie  a  general  form  .ms  below 

'  /3  X  *  )’  ^  4  x3  B  cos  2wi 

dt3 


Following  the  procedure  of  Hayashi3, 
form  Eq.  (3)  into  the  form 


3  x3( 


we  can  trans- 
0  (4) 


You  can  see  the  beam  coming,  and  this  is  a  glycerine 
lank  we  have  for  filtering  out  any  infra-red  that  comes 
out  of  the  laser  originally,  and  1  think  in  the  next 
slide  tile  system  is  shown  very  clearly. 

This  is  the  laser,  that  we  built,  and  you  can  see  the 
size  of  reduction  in  this  compared  to  all  the  commer¬ 
cial  lasers.  A  commercial  laser  would  probably  fill 
up  half  the  room  with  capacitor  banks,  whereas  all 
Uie  capacitor  banks  and  circuits,  everylhing.  are  ii.' 
there,  and  there  is  the  laser  cavity.  Incidehtially, 
there  is  a  trick  in  building  a  laser  cavity,  if  anybody 
is  interested. 
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For  infra- 1-ed  furnaces,  they  build  cavity  by  extrusion 
process  and  you  can  get  it  at  six  dollars  per  inch.  It 
cost  us  a  thousar  d  dollars,  including  all  the  crystal 
and  flash  tubes  as  cotnpai'ed  to  the  ten  thousand  dol¬ 
lars  that  you  would  pay  in  the  market.  (I  may  be 
killing  somebody's  business! ) 

There  is  the  crystal  mount.  I  am  using  tlie  same 
crystal  mount  that  I  had  for  the  DC  polarization,  even 
though  I  don't  need  these  cables. 

Here  is  the  detector.  One  of  the  major  problems  that 
one  encounters  in  this  measurement  is  to  filter  out  the 
hundred  joule  laser  pulse  from  entering  the  infra  red 
detector.  We  have  one  of  the  best  and  cheapest  ways 
of  doing  this,  to  use  a  silicon  crystal.  It  seemS  to  be 
a  very  efficient  system,  even  tliough  still  we  have  some 
problems  in  terms  of  defocusing,  etc. 

We  also  don't  want  any  of  the  infrared,  that  is.  coming 
out  of  the  laser  to  enter  the  infrared  detector.  A 
glycerine  solution  would  be  useful  for  tliis  purpose. 
We  are  now  taking  the  bugs  out  of  the  detector.  We 
haven't  done  any  actual  experiment  to  see  whetlier  we 
can  observe  any  subharmonic  or  not,  and  that's  about 
all  of  the  problem  in  the  subharmonic  generation. 


MODERATOR  SOULES;  Any  questions  or  comments? 

PROF.  SCHAWLOW:  Where  do  you  get  your 
reflectors? 

PROF.  SUBRAMANIAN:  Reliectors?  Which  ones? 

PROF.  SCHAWLOW:  The  elliptical,  double  ellipses. 

PROF.  SUBRAMANIAN':  There  is  a  company  in 
Minnesota  who  distributis  this.  It's  some  research 
corporation.  I  can  give  you  the  name. 

PROF.  DAW:  Did  you  polish  the  interior  of  the 
cavity? 

PROF.  SUBRAMANIAN:  You  can  buff  it,  that  is  lUl, 
the  best  you  can  do.  Actually,  you  lose  a  certain 
amount  of  efficiency  in  this,  but  Ithink  the  reflections 
of  the  aluminum  is  to  the  order,  this  is  an  aluminum 
cavity,  is  about  seventy  percent,  also  at  the  frequency 
of  4100  angstroms,  whereas  the  silver  cavity  you  can 
get  a  ninety  percent,  so  you  would  lose  a  certain 
amount  of  efficiency,  but  the  cost  is  well  worth  it. 
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MODERATOR  SOULES:  Dr.  Charles  Wang,  of  the 
Philco  Applied  Ro.search  Lab  al  Blue  Bell,  Pennsyl* 
vaiiia,  would  like  to  make  some  comments  on  this 
area. 


DR.  WANG.  I  understand  it  is  lunch  time,  so  I  will 
only  spend  a  few  minutes  to  describe  some  progress 
that  we  have  made  in  attempting  to  observe  optical 
parametric  interaction,  specifically  the  parametric 
amplification  and  the  difference  frequency  generation 

The  parametric  amplification  tliat  I  am  talking  about 
here  is  a  little  different  from  what  you  would  encounter 
in  the  case  of  Raman  amplification.  Tliere  you  have 
second  order  resonance.  The  thing  I  have  here  is  oft 
resonance. 

I  don't  have,  I  suppose,  to  review  tlie  theory  of  para¬ 
metric  amplification,  particulai  ly  after  both  Professor 
Shen  and  Professor  Subramaniam  have  discussed  that 
in  length. 

K I  could  have  the  first  slide.  This  is  the  experimental 
setup  that  we  liave  for  tlie  observation  of  tliis  parametric 
interaction.  Itis  essentially  the  interaction  between  two 
light  beams  generated  by  two  separate  sources,  and 
the  idea  is,  in  using  layman's  language,  to  use  a  blue 
beam,  to  amplify  a  red  beam;  this  understandably  is 
possible  if  the  blue  beam  is  strong  enough. 
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So  what  we  have  then,  we  use  aQ-switclied  ruby  laser 
which  generates  about  thirty  mcg<awatts  to  the  best  ol 
our  estimate.  In  a  time  of  about  thirty  nanoseconds, 
and  this  output  goes  into  a  piece  of  ADP  crystal  about 
eight  centimeters  long. 

The  ruby  laser  beam  passes  through  the  A  >P  crystal 
in  a  parallel  beam  geometry,  that  is,  wit'  )ut  focus. 
At  the  output  we  observe  the  second  harm  nic  of  the 
ruby  source,  as  well  as  the  ruby  radiati  .1  itself. 
ThiSj  of  course,  is  done  at  the  index  mate;  ing direc¬ 
tion;  and  the  anguiar  dependence  of  second  harmonic 
generation,  using  this  parallel  beam  geometry,  is 
about  five  minutes  half  width.  We  found  this  is  pri¬ 
marily  due  to  the  divergence  of  the  ruby  beam  itself, 
because  if  you  use  the  index  data  of  ADP,  you  will 
find  that  the  width  of  the  angular  dependence  should 
be  something  like  tour  seconds  of  arc  instead  of  the 
five  minutes  which  we  obtained. 

The  maximum  second  harmonic  we  have  obtained  to 
date  is  som.ething  like  three  megawatts  from  a  thirty 
megawatt  At  the  fundamental  frequency.  This  is 


something  like  ten  percent  instead  of  twemy  percent 
that  a  lot  of  people  claim  that  they  have  been  able 
to  achieve. 

We  have,  then,  the  second  harmonic  generated  this 
way  pass  through  a  UG-1  filter  which  cakes  off  the  co 
(beam),  but  passes  2  w (beam).  The  2  u  passes  through 
a  calcile  prism  which  is  shown  over  here  to  have  the 
2  w(beam)  collnearlzed  with  the  so-called  signal 
beam,  (if  I  may  use  the  terminology  of  parametric 
amplification  here)  which  is  obtained  from  a  gas  laser 
operating  at  a  6328  A.  At  the  moment,  --  may  I  have 
the  second  slide? 


Tlie  second  slide  here  shows  a  little  bit  more  clearly 
how  the  two  beams  can  be  combined  without  the  use 
of  dielectric  coaled  dichroic  mirrors. 

We  initially  were  using  that,  and  it  turned  of  that  each 
mirror  could  stand  only  one  olict,  and  it  was  too  ex¬ 
pensive  to  do  it  that  way. 

Tlie  way  we  have  been  doing  it  successfully  now  is  to 
use  a  calcite  prism,  and  having  the  optic  axis  perpen¬ 
dicular  to  the  plane  there  so  that  you  can  make  use  of 
the  birefringence  and  as  a  result  the  blue  beam  will 
undergo  total  reflection  at  the  back  face,  whereas  the 
red  beam  goes  into  the  calcitc  prism  at  that  face  and 
it  comes  out  parallel  to  the  blue  beam. 

Tills  is  done.  Tlio  red  beam,  it  turns  out,  can  be 
made  parallel  to  the  blue  beam  with  about  eighty  per¬ 
cent  transmission  from  one  side  of  the  prism  to  the 
other  side  of  the  prism. 

May  I  now  have  tliat  first  slide,  again?  Back  to  the 
first  slide,  now.  We  have  the  two  beams  made  p.Tral- 
lel.  This  is  assured  by  observing  the  burn  spots  cue 
to  the  2  w  beam  on  a  piece  of  Polaroid  film  and  spaced 
over  two  meters  away  to  be  sure  that  the  t'vo  beams 
are  aligned. 

Tills  way  the  alignment  was  made  to  be  about  two  or 
three  minutes  of  arc.  Incident,'! ily,  this  is  'oigger  than 
the  beam  divergence  that  we  have  at  the  2(i!beam. 
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Tlie  2  (abeam  which  is  shown  ticre  at  the  second  ADP 
crystal,  has  a  intensity  of  about  tliree  megawatt  per 
siluare  centimeter.  We  estimate  that  this  is  about 


fhe  intensity  you  need  hi  order  to  get  a  3  db  gain  for 
ihe  sigi'wl.  3  db  means  that  you  have  one  photon  in 
and  two  photons  out.  After  we  pa-  through  the  second 
ADP,  wo  have  the  pump  light  b  i,  we  have  the  sig¬ 
nal  light  beam,  and  also  as  a  result  of  this  parametric 
interaction  you  will  have  a  difference  frequency;  for 
our  choice  this  difference  is  at  7600  A.  At  this  point, 
of  course,  the  problem  is  to  tell  whether  or  not  you 
have  observed,  wiiether  or  not  you  really  have  had 
any  aniplification. 

In  the  second  ADP,  the  problem  here  is  complicated, 
and  if  I  may  go  back  to  the  beginning  here  again,  the 
problems  assoclnted  with  this  kind  of  experiment 
essentially  are  the  following:  (l)you  need  high  enough 
power;  (2)  you  have  to  align  the  two  beams  to  a  decent 
degree  of  accuracy;  and  (3)  the  problem  of  detection. 

I  presume  most  of  you  gentlemen  here  are  familiar 
with  nonlinear  optical  plienoniena.  Essentially  all 
glass  filters  fluoresce,  either  bec.iuse  of  multiphoton 
absorption,  or  simply  because  of  the  UV  radiation  at 
SviSfrCviuency,  so  that  the  way  to  get  rid  of  this  is  to 
use  a  glass  prism  to  disperse  the  beams  out,  and  to 
deipcl  them  at  a  distance  about  sixteen  meters  away 
from  the  second  ADP. 

'Ilie  next  slide  shows  the  difference  frequency  that  we 
observed  in  this  experimental  arrangement,  as  you 
can  see  here  the  difference  frequency  has  an  angular 
dependence  of  about  one  and  half  minutes  oi  arc . 


DEGREE  IN  MINUTES 


llii.s  is  achieved,  again,  under  parallel  lieam  geom¬ 
etry,  and  the  maxlihum  you  can  get  is  at  a  direction 
that  corresponds  to  pliase  matching;  and  phase  match¬ 
ing  direction  for  this  particular  process  Is  twelve 
niinulGS  away  from  the  direction  corresponding  to 
maximum  second  harmonic  generation;  this  wecalcu- 
iated  lo  be  about  fourteen  minutes  of  arc  from  the 
si'cond  harmonic  generati'’n. 


In  view  of  the  fact  tliat  we  (  have  two  or  three  minutes 
of  arc  uncertainty  inalignmuuc,  this  should  be  regarded 
as  a  good  agreement.  Tlie  maximum  difference  fre¬ 
quency  we  have  generated  this  way  is  about  1.  2  milli¬ 
watt  when  we  luve  tlio  pump  beam  at  about  three 
megawatt  per  square  centimeter,  and  tiie  signal  beam 
at  6328  A  about  elgtit  milliwatts. 

This  is  about  an  order  of  magnitude  below  what  we 
■would  expect,  say,  in  using  the  nonlinear  suscepti¬ 
bility  equal  to  3  x  lO'^esu,  and  this  Isuppose  is  again 
due  to  )he  multi -mode  effect  which  I  believe  is  actually 
the  subject  for  the  Harvard  theoriticians  to  work  on. 
11118  is  all. 

MODERATOR  SOULES:  Any  questions? 

PROF.  SHEN:  May  I  comment  that  tlie  parametric 
amplification  is  exactly  the  same  as  Raman  amplifi¬ 
cation,  only  tlie  difference  is  optical  and  you  don't 
liavo  to  worry  about  the  phase  matcliing,  I  mean  the 
Raman  effect,  since  tlie  dispersion  is  a  straight  line, 
is  a  constant  frequency  u. 

MODERATOR  SOULES:  May  I  as.  ,  did  you  get  three 
db  gain? 

DR.  WANG:  No,  wp  did  not  get  3  db  gain.  I  was  say¬ 
ing  it  was  down  by  about  an  order  of  magnitude  from 
what  I  expected.  What  we  observed  was  tliat  with  a 
three  megawatt  per  square  centimeter  and  eight  milli¬ 
watt  at  the  signal,  the  difference  is  about  1.2  milli¬ 
watts.  Tliis  corresponds  to  about  117  percent  out  and 
100  percent  in  at  the  signal.  In  tern  ,  of  db,  this  is 
about  one  db. 


Someone  asked  II  we  have  really  set  n  anytlilng  at  a 
signal  frequency.  Yes,  we  have,  because  of  the  full 
saturation,  due  to  tlie  DC  component  we  could  not 
really  tell  just  exactly  liow  much  wo  have,  but  I  can 
show  you  what  we  observed  on  tlie  oscilloscope  where 
we  have  a  pulse  on  the  signal  cliannel  althougli  we  liave 
only  DC  signal  goes  in.  This  occurred  only  during  tlie 
time  of  giant  pulse  when  you  sec  any  different  signal 
generated,  and  the  signal  channel  shows  nothing  un¬ 
less  you  have  amplification,  because  ampliflralloii 
shows  up  as  pulse  and  we  did  see  a  little  pulse  here 
under,  as  I  said,  tlie  saturated  condition  of  tlie 
photomultiplier. 

DR.  QUELLE:  Shouldn't  you  be  able  to  look  at  the 
Idler  frequency  and  tell  exactly  liow  much  conversion 
you  liave? 

DR.  WANG:  This  is  what  we  did,  but  some  people 
were  more  interested  in  knowing  if  we  did  see  a  little 
more  photons  at  the  signal  in  addition  to  the  evidence 
thait  you  get  by  observing  the  idler  frequency. 
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DR.  BYRNE:  The  first  subject  this  afternoon  is  gas 
breakdown.  To  start  off  this  part  of  the  program  we 
have  Dr.  Haughtfromthe  United  Aircraft  Corporation. 


DR.  ALAN  HAUGHT:  Atthe  United  Aircraft  Corpora¬ 
tion  Research  Laboratories  we  have  been  involved, 
lor  the  past  two  years,  in  an  exiierirnental  study  of 
the  ionization  of  gases  by  the  focused  high-intensity 
beam  of  a  giant  pulse  laser  --a  research  program 
supported  mp.artby  Project  DEFENDER  under  the 
joint  sponsorsiiip  of  tlie  Advanced  Research  Pi-ojects 
Agency,  Uie  Office  of  Naval  Researcli,  and  tlie  Depart¬ 
ment  of  Defense.  In  Figure  1  is  shown  a  picture  of 
tlie  breakdown  phenomena  observed.  The  laser  ligiit 
in  the  picture  is  incident  from  the  left  and  focused  by 
tlie  lens.  Atthelens  local  point,  bre.akdown  of  the  test 
gas  is  observed  for  suitable  conditions  of  laser  beam 
power  and  gas  pressure. 

PROF.  SCHAWLOW:  Wliat  is  the  lens  focal  lengUi? 


DR.  HAUGHT:  In  this  case,  approximately  3  cm. 
Tlie  breakdown  shown  here  is  occurring  in  air.  You 
will  notice  a  rather  characteristic  shape  of  the  break¬ 
down  region,  blunted  on  tlie  end  toward  and  lobed  on 
the  end  away  from  the  incident  laser  beam.  This 
shape  is  a  consistent  one  lor  breakdowns  produced  by 
focused  high-intensity  radiation  and  as  yet  is  one  for 
which  there  is  no  adequate  explanation.  There  is  un¬ 
doubtedly  some  very  interesting  fluid  dynamics  asso¬ 
ciated  with  the  development  of  this  characteristic 
shape;  however,  our  attention  on  *he  gas  breakdown 
problem  has  been  directed  toward  an  understanding  of 
the  development  of  ionization  in  the  breakdown. 


In  Figure  2  is  shown  a  schematic  diagram  ofjlie  appa¬ 
ratus  used  lor  studying  the  breakdown.  A  giaiu  pulse 
ruby  laser  system  is  used  as  the  light  source  in  tiieso 
studies,  andboUi  llat-ended  and  Brewster-angled  ruby 
rod  configurations  have  been  employed.  WiUi  either 
configuration  the  giant  pulse  laser  output  was  of  the 
order  of  30  M  watts  peak  power  with  approximately  a 
30  nsec  duration.  In  tlie  diagram,  the  laser  liglil  is 
incident  from  the  left  on  the  focusing  lens  which  forms 
one  window  of  a  test  cell  containing  the  gas  under 
study.  The  test  cell  was  designed  for  both  vacuum 
and  high-pressure  use  and  permits  the  study  of  a  va¬ 
riety  of  gases  under  high-purity  conditions  atpressureS 
up  to  2000  psi.  A  set  of  charge  collection  electrodes 
are  located  witliin  the  test  cell  lor  measurements  of 
the  ionization  produced  in  the  breakdown,  and  aperture 
windows  were  provided  to  permit  observation  of  the 
breakdown  luminosity. 


Observations  of  the  breakdown  luminosity  were  carried 
out,  and  It  was  established  that  the  breakdown  light 
was  not  scattered  radiation  from  tlie  incident  giant 
pulse.  In  the  firot  place,  the  breakdown  luminosity 
is  readily  observed  tlirough  the  laser  protective  goggles 
which  are  specifically  designed  to  exclude  Uie  incident 
laser  radiation.  In  addition,  it  was  observed  that  the 
breakdown  luminosity  lasts  for  a  time  long  compared 
with  the  duration  of  Uie  Incident  laser  pulse.  Shown 
in  Figure  3  is  a  dual  trace  record  of  th.'  laser  giant 
pulse  and  breakdown  luminosity.  The  laser  giant  pulse 
lasts  approximately  30  nsec,  while  the  breakdown 
luminosity  if  present  for  some  600  nsec. 


The  pair  of  charge  collection  electrodes  described 
previously  were  placed  on  either  side  of  the  lens  focal 
point  and  used  to  determine  that  electrical  breakdown, 
that  is  the  production  of  ion  pairs,  wao  achieved.  The 
electrical  circuit  associated  with  these  electrodes  is 
shown  in  Figure  4.  The  breakdown  was  formed  be¬ 
tween  Uie  electrodes  and  both  the  instantaneous  cur¬ 
rent  and  the  total  charge  collected  were  measured. 
About  one  halt  oi  the  total  charge  was  collected  very 
quickly  over  a  time  of  about .  5  n  sec,  resulting  in  a 
current  of  appro.ximately  5  amps  through  tlie  circuit. 
The  remainder  of  the  charge  collected  was  received 
over  a  very  much  longer  time  interval. 


To  comp.ore  the  phenon,.  la  observed  here  with  existing 
theories  of  Uio  electrical  breakdown  in  gases,  measure¬ 
ments  have  been  made  of  tlie  optical  frequency  elective 
field  required  for  breakdown  as  a  function  of  pressure 
fora  number  of  gases.  Tlie  electric  field  strength  at 
the  point  of  breakdown  was  determined  from  calorimet¬ 
ric  measurements  of  the  energy  in  Uie  giant  laser 
pulse,  the  time  duration  of  the  pulse  obtained  from 
photodiode  measurements,  and  the  diameter  of  the 
focused  beam.  For  a  typical  case,  the  energy  of  Uie 
giant  pulse  is  one  joule  and  its  duration  is  30  nsec, 
giving  a  peak  power  in  the  incident  beam  of  30  M  watts, 
The  diameter  of  the  focus  point  has  been  obtained  by 
U’.ree  techniques:  measurement  of  the  hole  size  pro¬ 
duced  in  extremely  thin  metal  foils  by  the  focused  laser 
beam,  the  product  of  the  measured  laser  beam  diver¬ 
gence  and  lens  focal  length,  and  ray-tracing  through 
the  focusing  lens. 


The  first  of  these  techniques  involves  Uie  burning  of  a 
hole  in  an  e.xtremely  thin  metal  foil  by  the  focused 
laser  beam.  The  inelaeiit  beani  is  first  attenuated  to 
the  point  that  the  beam  intensity  is  just  below  the 
threshold  of  damage  for  Uie  foil  used.  By  then  remov¬ 
ing  an  attenuation  of  50%  from  the  beam,  Uie  signal  at 
every  point  is  doubled  and  Uie  half  power  point  of  Uie 
incident  focused  beam  will  be  at  the  tliresliold  of  damage 
of  Uie  foil.  Tlie  diameter  ol  Uie  damaged  foil  area  is 
Uien  the  diameter  at  half  power  of  tlie  focused  laser 
beam.  The  focal  diameter  is  determined  by  this  tecli- 
nique  is  approximately  0.  2  mm,  whicli,  it  should  be 
noted,  is  much  larger  than  the  ditlraciionlimitror  the 
beam  diameter  and  lens  focal  length  used. 


Tlie  laser  beam  output  in  the  giant  pulse  mode  is  not 
fully  coUimated  but,  In  fact,  has  a  small  divergence. 
R’oni  geometric  optics,  a  lens  will  focus  Uiis  sliglitly 
divergent  beam  to  a  focal  diameter  given  by  the  pro¬ 
duct  of  the  lens  focal  length  and  Uie  angle  of  divergence. 
The  divergence  is  first  determined  from  Uie  diameter 
of  Uie  focal  spot  produced  witlian  extremely  long  focal 
length  lens.  From  Uie  laser  beam  divergence  and  the 
focal  length  of  Uie  lens  used  in  the  breakdown  experi¬ 
ments,  a  focal  spot  size  of  0. 18  mm  is  obtained,  a 
result  in  substantial  agreement  with  that  determined 
from  the  thin  foil  experiments  previously  described. 


Evaluation  of  the  focal  spot  size  by  .ray -tracing  the 
slightly  divergent  laser  beam  through  the  particular 
lens  configuration  used  in  Uiese  experiments  gave  a 
focal  spot  size  of  0. 17  mm,  in  good  agreement  with 
those  determined  from  the  hole  burning  and  focal 
length  divergence  techniques. 
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Using  fnese  focal  spot  size  measurements,  the  giant 
pulse  time  liistory,  and  tlie  laser  energy  required  for 
breakdown,  the  lireakdown  threshold  electric  field 
strength  was  delxu-minod  for  a  number  of  gases  over 
tl\e  pressure  range  from  one  atmosphere  to  2000  psi. 
Tlie  data  obtainec.  ai'C  presented  in  Figui’O  5.  Tlv 
values  plotted  in  the  slide  are  threshold  electric  field 
stcencths:  i,  e, ,  for  a  given  gas  if  tlie  clecU^ie  field 
strungtii  and  pressure  lie  below  the  curve  breakdown 
does  not  occur,  and  tor  field  strengths  and  pressures 
v/hicli  lie  above  the  curve  breakdown  is  oL served. 


Sliown  in  Figure  5  arc  tlie  tlireshold  electric  field 
strengths  required  for  breakdown  in  argon,  helium, 
and  air.  In  ail  cases,  tlie  breakdown  tlireshold  elec¬ 
tric  field  decreases  with  pressure  approximately  as 
one  over  the  square  root  of  the  pressure.  Of  the  gases 
studied,  argon  requires  the  lowest  electric  field  for 
breakdown  at  a  given  pressure.  Helium,  which  has  an 
ionization  potential  somewhat  greater  than  that  of 
argon,  requires  a  higher  threshold  electric  field  for 
breakdown.  The  constituents  of  air  have  ionization 
potentials  comparable  with  that  of  argon,  and  yet  the 
electric  field  required  for  breakdown  in  air  is  sub¬ 
stantially  higher  even  than  that  for  helium,  indicating 
that  the  molecular  gases  of  which  are  is  com[x>sed  have 
energy  loss  mechanisms  in  addition  to  those  associated 
with  the  inert  gases. 


During  the  experiments  on  gas  breakdown,  it  was  ob¬ 
served  that  the  incident  radiation  as  il  passed  through 
the  breakdown  region  was  attenuated  by  the  plasma 
formed  at  the  lens  focus.  The  apparatus  used  for  tliese 
attenuation  measurements  is  shown  in  Figure  6.  Two 
photomultipliers  (A  and  B)  monitor  the  radiation  lx)lb 
before  (A)  and  after  (B)  it  has  passed  through  the 
breakdown  plasma.  A  partially  reflecting  giass  plate 


is  used  to  d'vert  a  small  fraction  of  the  indioent  laser 
beam  onto  photomultiplier  A,  which  is  used  to  observe 
the  wave  shape  of  the  incident  laser  radiation.  Wi  th 
both  photomultipliers  filtered  so  that  they  are  sensitive 
only  to  the  6943  A  ruby  laser  light,  it  is  observed  that 
when  breakdown  occurs  the  transmitted  laser  radiation 
is  severely  attenuated  during  the  later  portions  of  the 
laser  optieal  pulse,  A  double  exposure  ef  idw  trans¬ 
mitted  laser  radiat'on  with  and  Without  breakdown  is 
shown  in  Figure  7.  Wlien  no  breakdown  occurs  the 
transmitlod  light  has  the  time  history  of  the  upper 
trace  and  is  identical  to  the  wave  shape  observed  by 
the  monitor  photomultiplier  A.  When  breakdown  does 
occur  the  laser  beam  is  significantly  attenuated,  as 
shown  In  tlie  lower  trace.  For  these  experiments,  the 
beam  power  is  slightly  above  the  breakdown  threshold 
for  the  argon  lest  gas,  and  over  one  half  of  tlie  one- 
joule  incident  optical  energy  is  removed  from  the 
transmitted  beam.  At  times  shortly  after  the  initiation 
of  tlie  breakdown,  approximately  90%  of  the  incident 
radiation  is  being  withdrawn  from  the  traiisniitted 
beam  by  tlie  plasma. 


It  is  possible  that  the  energy  withdrawn  from  tlio  tr.ans- 
mitted  beam  could  be  scattered  by  the  breakdown 
plasma  or  reradiated  at  wave  lengtlis  other  IJian  the 
ruby  radiation.  If  the  radiation  were  scattered  at  tlie 
ruby  laser  frequency,  this  radiation  should  be  observed 
at  angles  other  than  tliose  of  the  cone  of  the  trans¬ 
mitted  radiation.  A  series  of  photomultiplier  measure¬ 
ments  have  been  carried  out  covering  Uie  entire  solid 
angle  subtended  by  the  breakdown  region.  It  was  ob¬ 
served  that  increased  scattering  of  the  6943  A  ruby 
laser  radiation  was  presai  t  when  breakdown  occurred. 
However,  even  integrating  over  the  total  solid  angle, 
it  was  found  Unit  the  increased  scattering  was  negli¬ 
gible  compared  with  the  one-half  joule  of  energy  re¬ 
moved  from  the  incident  laser  beam. 
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BREAKDOWN  FIELD  STRENGTH  AS  A 
FUNCTION  OF  PRESSURE 


ATTENUATION  BY  BREAKDOWN  PLASMA 


H  the  energy  lost  from  the  laser  beam  were  absorbed 
in  the  plasma,  this  absorption  should  be  observable 
as  a  temperature  and  pressure  rise  in  a  fixed  volume 
tost  gas.  To  test  for  such  an  absorption,  the  break¬ 
down  was  produced  within  a  small,  closed  cell  con¬ 
nected  to  a  sensitive  pressure  transducer  as  shown 
in  Figure  8.  Operating  just  below  tlie  breakdown 
tlireshold,  no  breakdown  was  formed  and  no  pressure 
change  within  the  cell  was  observed.  When  the  inci¬ 
dent  laser  beam  power  was  increased  just  slightly 
above  threshold,  breakdown  was  observed  and  a  2  psi 
pressure  rise  was  measured.  This  pressure  rise  in 
a  cell  volume  of  23  cm^  corresponos  to  an  energy  in¬ 
crease  of  the  gas  witliin  the  test  cell  of  approximately 


one-third  of  a  joule,  and  this,  witliin  tlie  accuracy  of 
the  exijeriments,  is  the  amount  of  energy  withdrawn 
from  the  incident  beam  by  the  breakdown  plasma. 

A  number  of  mechanisms,  shown  in  Figure  9,  have 
been  offered  in  the  past  to  explain  electrical  break- 
dov/n  in  gases.  Over  the  range  of  pressures  studied 
hi  our  experiments,  the  breakdov/n  field  strength 
ranges  from  10^  to  l.O'^  V/ cm  or  less  than  0. 1  volt 
across  the  dimensions  of  an  atom.  This  field  slrengtli 
is  less  by  abort  two  orders  of  magnitude  than,  the  10  eV 
required  for  the  ioatzation  of  a  typical  atom,  and,  there¬ 
fore,  direct  electric  field  stripping  of  an  electron  from 
an  atom  is  not  likely  to  be  a  significant  process  in  the 
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ATTENUATION  OF  LASER  BEAM 


OPTICAL 

INTENSITY 
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BREAKDOWN  IN  CLOSED  VOLUME 


development  of  optica)  frequency  Ijreakdown.  Simple 
calculations  using  the  cross  section  for  Compton 
scattering  and  the  energy  transfer  in  a  Compton  coili- 
sion  show  that  the  energy  transferred  to  tlie  gas  by 
this  process  is  ncgiigiblc  compared  with  that  required 
to  explain  eitlior  the  deveiopment  of  the  breakdown  or 
the  attenuation  of  the  incident  iaser  beam.  Direct 
photoionization  of  the  gas  atoms  by  Uic  incident  radia¬ 
tion  is  not  possibie,  since  the  laser  plioton  energy  is 
only  1,  78  cV  and  gases  with  ionization  [wtentials 
ranging  from  10  to  24  eV  have  been  successfully 
ionized  by  the  laser  beam.  There  does  exist  the  possi¬ 
bility  of  multiple  photon  absorption.  A  consideration 
of  this  process  will  show,  however,  tliat  straight  for¬ 
ward  multiple  photon  absorption  will  not  account  for 
the  phenomena  observed.  The  atoms  in  the  gas  are 
Initially  in  the  ground  state.  Ujion  absorbing  a  photon, 
the  bound  electron  of  the  atom  is  raised  to  a  virtual 
state  which  persists  for  a  time  interval  of  the  order  of 
10*^2  (q  seconds.  During  this  time,  there  is  a 
finite  probability  that  a  second  photon  will  be  absorbed, 


POSSIBLE  BREAKDOWN  MECHANISMS 
AT  OPTICAL  FREQUENCIES 

DIRECT  ELECTRIC  FIELD  STRIPPING 
COMPTON  SCATTERING 
PHOTOIONIZATION 
MULTIPLE  PHOTON  ABSORPTION 
MICROWAVE  BREAKDOWN  THEORY 
INVERSE  BREMSSTRAHLUNG 
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raising  the  electron  to  a  stilt  higlier  vu  tual  state.  By 
a  succession  ot  such  absorptions,  tlio  electron  could 
reach  the  first  e.xcited  state  from  vhich,  by  further 
multiple  photon  absorptions  or  photoiOnization  to  higher 
energy  levels,  tlie  ionized  state  is  eventually  reached. 
However,  to  reach  even  tlie  lov/est  lying  levels  of  argon 
and  helium  would  require,  respectively,  7  ami  12 
successive  photon  absorptions.  Assuming  even  a  10*?i 
probability  for  each  absorption  process,  this  would 
imply  a  105  order  dilference  between  tlie  intensities 
of  the  laser  radiation  required  ior  breakdown  in  argon 
and  lielium.  The  experimentaily  observed  ratio  ot 
laser  beam  intensities  is  only  a  factor  of  tliree,  and, 
on  tliis  basis,  the  simple  multiple  plioton  absorption 
processes  described  liere  will  not  account  for  (lie  de¬ 
velopment  of  optical  frequency  breakdown.  Note  added 
in  proof:  Tozer  in  a  recent  article  (Pliys.  Rev. ,  Vol. 
137,  March  15,  1965)  discusses  a  multiphoton  absorp¬ 
tion  theory  in  wliicli  account  is  made  of  statistical 
fluctuations  of  the  irradiating  beam  photon  dei  jity. 
Tozer  predicts  a  focal  volume  dependence  ot  the  break¬ 
down  thresliold  which  varies  as  V't'  where  N  is 
the  number  of  pliotons  required  tc  raise  the  atom  to 
Its  lirst  e.xcitod  state.  For  argon,  N  is  7,  giving  a 
predicted  focal  volume  dependence  ofEoiV'v-  07  while, 
as  will  be  described,  a  volume  dependence  of  EaV'O.  2 
was  obtained  e.xperiiiientally.  From  this  lack  of  agree¬ 
ment,  it  would  appear  that  multiphoton  processes  ax-e 
not  the  rate  Umiting  stop  in  tlie  development  of  optical 
fi’oquency  breakdowm. 

Cascade  tlieorics  liave  been  developed  to  e.vplain  gas 
breakdown  at  microwave  frequencies  and  employed  by 
some  to  o.'cplain  tlie  optical  frequency  breakdown.  As 
will  be  discussed,  however,  the  mici’owavo  and  optical 
frequency  regimes  lead  to  entirely  different  pictures 
of  the  breakdown  pi-ocess,  and  it  wiii  be  of  importance 
to  examine  both  in  detail  so  as  to  domonsti'ate  llieir 
differences.  In  the  microwave  case,  fi’ee  electrons 
gatnsner^fTem  the  apjiTtfc'd  cTeclroniagnetic  field  as 
a  re.sult  of  collisons  between  the  eloclx'ons  and  the 
atoms  or  ions  of  tlie  breakdown  gas.  For  an  applied 
oscillatox'v  electric  field  of  amplitude,  E,  the  periodic 
force  on  an  elecU'on  will  be  of  the  order  of  E  limes 
the  charge  of  the  electron.  Tlie  resulting  acceleration 

of  Uie  electron  will  Uien  be  of  order  ^  ,  where  m  is 

the  electron  mass.  At  low  pressures  wliere  tlie  colli¬ 
sion  frequency  of  the  electrons  in  Uio  gas,  v,  is  much 
loss  than  ihe  I'adian  frequency  of  the  applied  field,  Uiis 
acceleration  will  be  oxixerienced  by  the  electron  for  a 
tim.e  of  ttie  order  of  1/w  and  results  in  an  oscillatory 

Eg 

component  of  Uie  electron  velocity  of  — ,  Tlie  oscil¬ 
latory  energy  of  the  electron  is  then  A  E  -  l/2m(AV)2 
e2(.2 

L2m— The  oscillating  electron  will  make 

collisions  'vtlii  tlie  background  gas  atoms,  clmiiging 
its  pliase  witli  resixict  to  Uie  ap.plied  field.  Sucli  a 
collision  I’andonitzes  the  ordered  oscillatory  iiiotion 
of  Uio  electrons,  and,  on  the  average,  tlie  electx’on 
gains  an  amount  of  energy  equal  to  AE  per  collision. 
WiUi  V  collisions  per  second,  Uie  rat''  of  power  gain 
.  E2e2 

by  the  oleclrons  is  AEp  or  P  -  1/2  This 

result  holds  when  Uie  coltison frequency  is  very  much 
less  than  the  radian  frequency  of  the  applied  field,  Uiat 
is  at  low  ;  ressures.  At  microwave  fx-eiiueiicles,  it  is 
possible  to  have  a  sufficiently  high  pressure  in  the  gas 
that  many  collisions  occur  per  oscillation  of  the  elec¬ 
tron.  White  Uie  acceleration  of  the  electron  remains 


Eg 

as  before,  the  electrons,  making  many  collisions 

per  cycle,  experience  this  acceleration  only  for  times 
of  the  oi’dcr  of  the  reciprocal  of  the  collision  frequency, 

resulting  in  a  AVbetween  collisions  of The  energy 

2 

gain  per  collision  is  then  of  order  AE  =  l/2m(AV) 

.,2  2 

=  l/2m  — This  energy  is  gained  on  the  averrqje 
m 

in  every  collision,  and,  with  a  collisions  per  second, 
the  rale  of  power  gain  by  the  electrons  at  higli  pres- 

^2  2 

sures  where  v»u)  is  P  =  1/2  — -g At  microwave 

in  n" 

frequencies  then,  if  a  given  rate  ot  power  input  is 
;  required  for  breakdown,  the  threshold  electric  field 
would  vary  inverseJy  a.s  the  square  root  of  the  gas 
pressure  at  low  pressures,  and  at  high  pressures  the 
electric  field  bre.^kdown  threshold  would  vary  directly 
as  the  square  root  of  the  gas  pressure. 

At  oplic.al  frequencies,  the  interaction  of  the  electron 
with  tlie  applied  electromagnetic  field  is  no  longer 
Simple,  and  the  concept  of  an  electron  oscillating  in 
response  to  the  incident  field  is  no  longer  valid.  Under 
eonaitions  appropriate  for  microwave  breakdown,  Uie 
oscillatory  energy  of  the  electron  in  the  applied  field 
corresponds  to  a  kinetic  energy  of  the  ordei-  of  10'3 
eV,  while  typical  microwave  photon  energies  are  of 
the  order  of  10*5  to  10"  6  eV.  Thus,  an  electron  os- 
ciilallng  in  tlie  cleclromagnelic  field  absorbs  and  emits 
niiuiy  mlci'owave  quanta  every  cycle,  and  the  motion 
of  tlie  electron  may  be  considered  to  be  classical.  At 
optical  frequencies,  for  the  field  streiigtliS  used  in 
,  these  o.viieriment.s  the  oscillatory  energy  of  the  electron 
calculated  classically  is  again  of  theordcrof  10"3  eV, 
bul  the  plxuton  eneEgy  in  the  ease  of  a  ruby  inserts 
1.  78  eV.  Therefore,  the  ost  illatory  energy'  of  the 
electron  is  small  compared  to  tlie  photon  enex'gy,  and 
one  might  e.xpeet  that  tlie  motions  of  the  electron  and 
its  subsequent  interaction  with  atoms  in  the  radiation 
field  is  governed  by  quantum  effects. 

During  an  atomic  collision,  ;m  electron  may  aroil  a 
photon  by  the  process  ot  Bremsstr.ililung.  Fi'om  de¬ 
tailed  balance  considerations,  tlie  reverse  reaction, 
inverse  Brenisstraliiuiig,  must  also  exist  in  which  a 
free  electron  gains  energy  by  absoi-biiig  a  photon  from 
the  radiation  field  during  a  collision  with  an  atom. 
From  a  detailed  calculaMon  of  the  energy  gained  by 
free  electrons  in  an  ajiphed  electromagnetic  field, 
including  an  appropriate  balance  between  stimulated 
Bremssh-.Jiluiig  and  inverse  B'i'emsstraliluiig,  a  nu- 
nurical  result  Is  obtained  which  is  identical  with  the 
energy  gain  rate  associated  withthemicrowavepicture 
at  low  pressures. 

DR.  SOULES:  If  you  were  to  apply  largo  do  magnetic 
fields  into  tlie  region  in  which  the  breakdown  occurs, 
wouldn't  this  ra.'.lier  directly  sort  out  these  two 
processes? 

DR.  HAUGHT:  VVe  liave  carried  out  e.xperiments  ob¬ 
serving  tlie  breakdown  thresholds  in  magnetic  fields 
a'j  lieli  as  ?0, 000  gauss  and  have  found  no  effect  on 
the-  breiiKdown  threshold. 

DR.  SOULESk  Wliat  happens  in  the  microwave  case? 

DR.  HAUGHT:  I  do  not  know.  Perhaps  Dr.  Meyex*and 
could  comment  on  this. 


DR.  MEYERAND:  To  produce  any  appreciable  effect, 
sufficiently  high  magnetic  fields  would  be  required 
that  the  gyro-frequency  of  the  electrons  becomes 
compfa’able  to  the  radian  frequency  of  the  incident 
electromagnetic  fields.  Such  fields  would  be  of  the 
crder  of  hundreds  of  kilogauss.  For  tower  magnetic 
fields  and  at  gas  pressures  above  atmospheric,  the 
electron  collision  frequency  is  sufficiently  high  that 
the  trajectories  of  the  electrons  are  a  series  of 
straight  lines  and  no  magnetic  field  effect  would  be 
expected. 

DR.  HAUGHT:  It  should  be  pointed  out  that  while  the 
30,000  gauss  sounds  like  an  extremely  high  magnetic 
field,  it  iS,  in  fact,  very  nearly  equal  to  the  oscillating 
magnetic  field  associated  with  the  focus ■>d  optical 
radiation.  An  electron  in  a  plane  electromagnetic 
wave  will  interact  primarily  with  the  electric  field  of 
the  applied  radiation,  and  any  interaction  with  the  mag¬ 
netic  portion  of  the  incident  wave  will  be  smaller  than 
this  by  afactor  of  v/c,  where  vis  the  electron  velocity. 
Thus,  for  electrons  with  energies  even  as  high  as  10 
eV,  the  effect  of  a  30,  000  gauss  magnetic  field  is  neg¬ 
ligible  compared  with  the  electric  field  portion  of  the 
applied  optical  radiation. 

DR.  SOULES:  .My  thought  was  that  the  application  of  a 
magnetic  field  would  sort  out  or  differentiate  any  micro- 
wave  type  intera  .tions. 

DR.  HAUGHT:  I  do  not  think  that  v/ith  reasonable 
magnetic  fields  any  such  sorting  out  would  occur;  and, 
in  fact,  as  will  be  discussed,  such  a  differentiation  is 
really  not  necessary. 

DR.  KIDDER;  These  two  processes,  microwave  ab¬ 
sorption  and  inverse  Bremsstrahlung  energy  absorption 
are,  I  think,  the  same  thing.  I  guess  other  people  are 
going'  to  say  that.  In  fact,  we  have  done  fr ee-Tf ee 
absorption  calbulations  at  optical  frequency  for  helium, 
and  the  way  we  did  it  was  to  make  use  of  very  good 
elastic  scattering  "alculations  and  use  phase  shift 
methods.  Under  certain  conditions,  it  can  be  shown 
tliat  a  calculation  of  free-free  absorption,  which  you 
call  inverse  Brems  itrahiung,  at  optical  frequency 
amounts  to  a  calculation  of  microwave  absorption. 
There  is  a  regime  wnere  they  are  essentially  the 
same  process. 

DR.  HAUGHT:  They  are  indeed  the  same  process. 
However,  I  think  that  ir  is  important  to  draw  a  distinc¬ 
tion  between  th.-  picture  of  tlie  two  cases.  At  micro- 
wave  frequencies  one  thinks  of  phase  mixing  collisions 
and  physical  oscillation  of  the  electrons  in  the  applied 
magnetic  field.  In  the  optical  frequeecy  case,  one  no 
longer  considers  the  existence  of  such  electron  oscil¬ 
lations  and  the  collisions  tliomselves  are  viewed  in  an 
entirely  different  fashion.  At  low  pressures  and 
electron  energies  greater  ihan  the  photon  energy,  the 
numerical  results  obtained  arc  tlie  same,  and,  under 
these  circumstances,  the  physics  involved  in  the  micro- 
wave  and  optical  frequency  regimes  are  basically  ident¬ 
ical.  However,  the  picture  of  the  process  in  the  two 
cases  has  relevance  in  considering  tli'*  pressure  de- 
penJciico  of  the  breakdown  at  optical  trequencies  for  ex- 
iromely  high  densities  und.xlso  in  determini ngwhethcr 
or  not  a  minimum  in  the  breakdowr  threshold  exists  at 
optical  frequencies  as  i(  docs  i'l  the  microwave  case. 

DR.  MEYERAND:  Sliould  nci  the  distinction  between 
electron  energies  that  arc  very  tow  and  ibose  that  are 


much  higher  than  the  photon  energy  be  emphasized. 
For  electron  energies  below  1.7  eV,  stimulated 
Bremsstrahlung  emission  of  a  ruby  laser  frequency 
photon  is  not  possible;  and,  in  this  case,  the  energy 
absorption  results  differ  considerably  from  those  Ob¬ 
tained  from  the  microwave  picture. 

DR.  HAUGHT:  Suclt  an  effect  will  result  in  a  rapid 
initial  energy  input  to  the  electrons  and  lead  *^0  a 
faster  early  heating  than  would  bo  expected  on  the 
basis  of  the  microwave  picture.  In  addition,  witli  opti¬ 
cal  frequency  incident  radiation,  rapid  photoexcitation 
and  eventually  photoionization  can  occur  once  the 
electron  reaches  the  first  excited  state  of  the  atom. 
However,  at  microwave  frequencies  the  gapbeUveen 
energy  levels  in  the  atom  Is  very  much  larger  than 
the  microwave  photon  energy,  and  such  rapid  excitation 
and  ionization  does  not  occur.  Here  again  is  a  distinct 
difference  between  the  microwave  and  optical  frequency 
regimes. 

At  microwave  frequencies,  the  br-  ikdown  threshold 
electric  field  at  low  pressures  varies  as  one  over  the 
square  root  ol  the  gas  pressure  and  at  high  pressures 
varies  directly  as  the  square  root  of  pressure  for  a 
given  rale  of  power  input,  assuniingno loss  processes. 
It  diffusion  losses  are  present,  the  breakdown  threshold 
at  low  pressures  decreases  inversely  as  the  pressur-x. 
At  high  pressures  the  major  energy  loss  mechanism 
is  that  resulting  from  elastic  collisions  between  the 
electrons  and  gas  atoms  and  re.-sults  in  a  thre.shold 
electric  field  which  varies  directly  as  the  pressure. 
The  decreasing  breakdown  threshold  as  a  function  of 
pressure  at  low  gas  densities,  where  u  «  u,  coupled 
with  the  increasing  pressure  dependence  of  the  thres¬ 
hold  at  high  pressures,  where  v  >>  ai,  results  in  a 
minimum  in  the  electric  field  required  for  breakdown. 
The  minimum  occurs  at  the  point  where  the  collision 
frequency  In  the  gas  is  equal  to  the  radian  frequency  of 
the  applied  electromagnetic  field.  This  condition  ex¬ 
trapolated  to  the  optical  frequency  gas  would  require 
a  gas  pressure  of  the  order  of30,C00psi,  substantially 
above  the  measurements  which  wc  have  conducted 
to  date. 

As  shown  in  Figure  5,  at  optical  frequencies  thebreak- 
down  threshold  electric  field  varies  approximately  as 
one  over  the  square  root  of  the  gas  pressure,  which 
would  suggest  that  diffusion  losses  do  not  play  a  signi¬ 
ficant  role  in  the  development  of  optical  frequency 
bre.Tkdown  over  the  pressuie  regime  of  our  studios. 
Experimental  measurements  have  been  made  to  te.st 
this  conclusion,  and  it  has  been  found  that  this  is,  in 
fact,  not  the  case  The  magnitude  of  any  diffusion 
losses  present  will  va:^  as  the  surface-to-volume  ratio 
of  the  region  in  which  the  bresikdown  occurs  and  can  be 
changed  b>  varying  the  focal  volume  of  thebreiUcdown. 
jr,  our  “xperimpiits,  the  focat  volume  within  which  the 
brealvdown  is  form'>d  has  been  varied  .ind  the  break¬ 
down  tnreshold  elcuiric  field  strengths  examined  as  a 
luncUoii  'if  the  dii-nensionu  of  the  fpeat  volume  for  a 
given  gas  at  a  fixed  pressure.  If  d.ifusion  j<jssesa<'c 
not  important  in  the  development  of  breakdown,  then  it 
would  be  expected  that  thetliresholdelectricfield  would 
be  independent  of  the  size  of  the  focal  region. 

The  dimensions  of  the  focal  region,  as  discussed  be¬ 
fore,  are  given  by  the  product  of  the  focal  length  of 
the  focusing  lens  and  the  divergence  of  the  incident 
laser  radiation.  The  divergence  of  the  laser  beam 
remains  essentially  constant  from  pulse  to  pulse,  and 
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llie  dimensions  of  the  bii,  Jcdown  region  can  be  simply 
varied  by  changing  the  focal  length  of  the  lens  used  to 
focus  the  radiation.  Experimentally,  over  a  rmige  of 
lens  focal  lengths  from  3  to  7  cm,  the  threshold  elec¬ 
tric  field  required  for  breakdown  decreases  with  lens 
focal  length.  A  higher  electric  field  strength  is  re¬ 
quired  for  brealcdown  within  the  smaller  focal  regions, 
indicating  that  diffusion- like  losses  play  a  significant 
role  in  the  development  of  the  optical  frequency  break¬ 
down  over  the  pressure  volume  regime  studies. 

For  the  case  where  diffu.sion  losses  dominate,  the 
breakdown  threshold  electric  field  sliould  vary  as  the 
reciprocal  of  the  lens  focal  length.  Experimentally, 
however,  the  threshold  electric  field  varies  inversely 
as  the  0.  6  power  of  the  lens  focal  length.  It  is  pos¬ 
sible  tliat  this  0.  6  power  focal  length  dependence 
corresponds  to  brealcdown  near  the  minimum  in  the 
breakdown  threshold  curve.  At  microwave  frequen¬ 
cies,  the  breakdown  threshold  curve  differs  ap¬ 
preciably  from,  the  asymptotic  low-pressure  and 
high-pressure  dependences  over  a  pressure  -ange  of 
only  one  or  two  orders  of  magnitude.  The  measure¬ 
ments  that  we  liave  made  at  optical  frequencies,  however, 
span  more  than  two  orders  of  magnitude  in  pressure 
and  are  yet  more  tlwn  a  factor  of  ten  in  pressure 
below  that  at  which  the  coilision  frequency  equals  the 
radian  frequency  r'  the  applied  field.  It  would  appear 
then  llial  the  pres  •  dependence  of  the  breakdown 
threshold  at  optica  quencies  is  substantially  dif¬ 
ferent  from  that  obtained  in  the  microwave  case,  and 
further  measurements  of  the  effects  of  diffusion-like 
losses  on  tlio  breakdown  are  necessary,  In  our  e.x- 
perinients,  we  plan  to  extend  these  measurements  to 
still  longer  focal  lengths  until  the  breakdown  thres¬ 
hold  electric  field  no  longer  decre.rses  witli  increasing 
focal  volume;  i.  e. ,  the  point  at  which  diffusion- like 
losses  ire  not  longer  significant  in  the  development 
of -Lireakdawm  -Since  the  magnitude  of  the  losses  rs 
not  known,  the  lo.ss-tree  breakdown  threshold  thus 


determined  is  the  significant  one  for  testing  proposed 
theories  of  the  optical  frequency  breakdown  process. 

'^Measurements  have  been  made  of  tlie  electric  fi^ld 
strength  required  for  bretikdown  as  a  function  of  the 
frequency  of  the  incident  radiidlon  using  both  ruby  and 
neodymium  laser  radiation.  With  ruby  incident  radia  ¬ 
tion,  the  breakdown  field  strength  varied  approximately 
as  the  square’  oot  of  pressure  over  the  range  from  one 
atmosphere  to  2000  psi.  With  neodymium  incident 
jpadiation,  a  limilar  dependence  of  the  breakdown  thres¬ 
hold  on  gas  pressure  was  observed,  and  it  was  deter¬ 
mined  that  the  breakdown  field  strength  for  a  given  g.as 
aiid  pressure  lies  slightly  below  that  required  for  ruby 
radiation. 

The  neodymium  laser  beam  used  in  our  experimfnts 
has  a  divergence  somewhat  less  than  tlmt  of  the  ruby 
radiation,  and  the  diffusion  loss  effects  associated 
with  the  smaller  neodymium  spot  size  has  been  talcen 
into  account  in  these  measurements.  Tlie  measure¬ 
ments  from  which  this  correction  is  derived,  however, 
have  been  made  at  present  only  lor  atmospheric  pres¬ 
sure  breakdown,  and  it  is  uncertain  whether  the  same 
diffusion  loss  correction  would  apply  at  the  higher 
pressures.  Measurements  are  currently  in  progress 
to  determine  the  focal  spot  size  corrections  required 
at  higher  pressures,  and,  on  tlie  basis  of  these  meas¬ 
urements,  a  more  valid  comparison  of  the  neodymium 
and  ruby  radiation  results  will  be  made. 

The  neodymium  laser  output  is  at  a  lower  frequency 
than  that  from  the  ruby,  and,  as  predicted  by  the 
inverse  Bremsstrahlung  picture  of  the  breakdown 
process,  the  threshold  eleclric  field  for  breakdown 
should  scale  inversely  with  the  frequ  -iiuy  ol  the  ap¬ 
plied  field.  Experimentally,  the  neodymium  break¬ 
down  threshold  lies  below  tl  at  for  ruby  incident 
radiation,  and  the  ratio  of  the-^th.reshold  sleetris  fields 
is  in  substantial  agreement  with  the  ratio  of  the  fre¬ 
quencies  of  the  neodymium  to  rii.by  laser  radiations. 
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MODERATOR  BYRNE;  Were  there  any  further  com¬ 
ments?  Then  Dr.  Phelps  from  the  Westinghouse  Lab 
at  Pittsburgh,  I  believe,  has  a  few  comments. 

DR.  A.  V.  PHELPS:  In  this  discussion  I  will  concen- 
ti'iite  primarily  on  the  theoretical  questions  associa¬ 
ted  with  tlie  breakdown  of  gases  by  lasers. 

As  Dr.  Haught  indicated,  several  mechanisms  have 
been  proposed  for  ionization  of  the  gas  processes 
which  I  have  come  to  call  direct  ionization  processes. 
These  include  photoionization,  muitiphoton  ionization, 
and  electric  field  stripping.  The  last  two  are  usually 
called  nonlinear  processes. 

People  in  the  field  are  satisfied  with  the  terminology 
"nonlinear"  for  these  processes  but  as  soon  as  you 
get  out  of  the  field  it  bothers  people  considerably.  We 
had  a  whole  session  on  nonlinear  processes  this  morn¬ 
ing,  so  we  are  then  to  consider  this  possibility. 

A  second  type  of  process  with  v/hich  we  are  very  fa¬ 
miliar  in  the  field  of  gaseous  breakdown  is  that  of 
electi'on  impact  induced  processes. 

Some  of  the  arguments  regarding  the  relative  impor¬ 
tance  of  these  have  been  given  by  Dr.  Raught.  I  wouid 
like  to  summarize  briefly  by  saying  that  to  me  Uie 
principal  arguments  which  indicate  that  the  bulk  of 
the  ionization  is  not  due  to  the  direct  interaction  of 
the  photons  with  the  gas  by  some  muitiphoton  photo¬ 
ionization  or  stripping  process  are  a)  the  small  in¬ 
crease  of  laser  intensity  required  to  break  down  argon 
relative  to  helium,  and  b)  tlie  relatively  rapid  variation 
in  the  threshold  intensity  required  to  break  down  the 
s.  As  Dr.  Haught  indicated,  the  threshold  varies 
roughly  as  the  inverse  square  root  of  the  pressure. 

If  we  were  dealing  with  a  muitiphoton  process,  tor 
r.y.imnin,  QnQ  wQUld  s.xpsctti  vsry  slow  variation  of 
threshold  intensity  of  the  laser  with  pressure.  This 
has  boon  discussed  by  Tozer.  We  Uierefoi-e  believe 
that  the  bulk  of  the  ionization  is  probably  by  some 
other  process,  and  the  quostlon  wo  have  teen  asking 
is,  can  one  account  tor  the  bulk  of  Uie  ionization  by 
an  electron  Impact  process. 

ft  turns  out  that  one  in  general  cannot  account  tor  the 
bulk  of  the  ionization  by  the  normal  electron  impact 
Ionization  process  in  the  sense  of  ionization  directly 
from  tlie  ground  state.  However,  if  one  considers 
ionization  as  a  two-stop  process  In  which  one  first 
excites  the  atom  or  molecule  to  some  excited  level, 
then  phololonizcs  from  that  level,  one  can  account  for 
the  ionization.  When  I  say  that,  I  me.'in  that  all  of  the 
experimental  data  ava.ilable  to  me  at  this  time  is  con¬ 
sistent  with  ionization  rates  which  fall  between  these 
two  limits. 

Let's  look  at  the  model  wlilch  we  will  use  tolalkabout 
laser  breakdown  in  gases..  This  is  a  rather  idealized 
model.  I  assume  that  our  laser  intensity  is  zero  up 
lo  time  equal  zero,  and  is  constant  from  there  on.  It 
is  no!  and  this  In  a  source  of  a  great  deal  of  difficulty 
in  ar  iyzing  the  data. 

If  we  arc  going  to  use  electron  Impact  ionization  or 
excitation  followed  by  photoionization  lo  account  tor 
the  results,  we  need  an  electron  to  start  things  off. 
This  electron  may  be  residual  In  Iho  gas;  Idon'tthink 
it  i.s,  but  it  may  be.  This  electron  may  bo  produced 
by  the  laser. 


Let's  skip  that  point  for  the  moment  and  discuss  what 
happens  after  we  get  this  first  electron.  According  to 
the  electron  imp,>t  mechanism,  the  first  electron  will 
gain  energy  from,  the  radiation  field,  will  excite  or 
ionize  an  atom  or  molecule.  When  ionization  occurs, 
we  liave  two  electrons.  Those  two  electrons  collide, 
produce  four,  and  we  have  an  electron  avalanche  type 
mechanism. 

We  e.xpect  that  the  olecti’on  dsnsi/y  wiil  start  off  at 
some  value  corresponding  to  roughly  one  electron  in 
Uie  focal  volume.  Now,  the  focal  volume  is  of  the 
order  of  10"^  cubic  centimeters  in  those  experiments, 
so  that  one  electron  corresponds  to  an  initial  density 
of  around  105  cm"^.  This  is  shown  in  Slide  1. 


Ideoliied  moddi  of  loser  induced  breakdown 


If  we  have  a,;  electron  avalanche  ionization  process, 
wo  expect  a  density  to  increase,  we  eventually  get 
to  the  point  where  we  find  that  the  mechanism  of  ab¬ 
sorption  of  energy  cliaiiges  from  the  free-free  absorp¬ 
tion  involving  iicuUalpitrtioles  to  one  involving  ions. 
Bec-ause  of  the  larger  cross  section  for  electron-ion 
scattering,  once  the  gas  is  more  than  aljout  0. 1'^, 
ionized,  one  cxpccls  a  very  sudden  Increase  in  Uio 
rate  of  aosorption  of  eiiergy  and  presumablya  corre¬ 
spondingly  rapid  Increase  in  tlie  rate  of  ionization  of 
the  gas. 

Our  Interest,  then,  in  discussing  the  electron  ava¬ 
lanche  process  is  to  follow  tlie  oleotrondenstly  from 
the  point  of  initiation  up  to  the  point  of  Uils  very 
rapid  absorption. 

Once  wo  have  reached  tills  point,  the  gas  is  effectively 
broken  down.  Tlicre  are  lots  of  interesting  processes 
oecurring  at  the  lilgh  fractlinal  ii  nlzations,  but  we 
are  not  going  to  consider  lliem. 

Now,  I  liave  loft  out  several  complications  which  wo 
have  Investigated  briefly.  One  of  them  is  that  as  the 
electron  density  increases,  we  produce  positive  ions. 
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This  begins  to  set  up  space  charge  Helds.  Eventually 
the  density  reaches  the  point  where  theDebeye  length 
is  comparable  with  tlie  size  of  the  focal  radius,  and 
so  tlicre  is  a  reduction  in  the  loss  of  electrons  by 
diffusion.  If  diffusion  is  an  imporiant  loss  mechanism, 
the  decreased  loss  will  cause  the  electron  density  to 
ri.so  more  rapidly.  We  will  neglect  this  effect  in  this 
discussion  today. 

Let's  now  consider  in  detail  the  process  by  which  tip 
electrons  gain  energy  and  ionize  the  gas.  I  would  like 
to  do  this  by  showing  first  the  results  of  some  theoret¬ 
ical  calculations  of  the  free-free  absorption  coefficient 
in  the  case  tor  liolium. 

In  Slide  2  I  have  shown  several  approximations  which 
have  been  used  in  discussing  free-free  absorption. 

The  curve  marked  (1)  is  wliat  I  call  the  astrophysi¬ 
cist's  way  of  doing  it.  In  the  past,  it  has  been  cus¬ 
tomary  to  reduce  tlic  results  to  an  equivalent  ionic 
cliarge,  and  to  express  the  cross  sectionfor  the 
process. 


Freo  ir«'C'  ab^oiption  anj  st<niulotod  omis&ion 
iar  cic'ctrons  in  helium 


If  one  assur'  js  that  this  effective  charge  wei’e  inde¬ 
pendent  of  the  electron  energy,  then  one  would  find 
tliat  absorption  cross  section  in  a  typical  electron-ion 
fashion,  dropping  with  increasing  energy.  However, 
tills  is  not  the  case  in  neutral  gases.  Tlie  absorption 
coefficient  has  been  calculated  at  very  low  energies, 
starting  with  Charndrasekar  and  Breen,  then  Somer¬ 
ville,  and  more  recently  Holstein.  Holstein  has 
shown  that  the  free-free  absorption  coefficient  is 
vei'y  simply  related  to  tlie  cross  section  for  momen¬ 
tum  ti’ansvorse  scattering.  If  one  knows  tliatcross 
section  from  theory  or  experiment,  one  can  calcu¬ 
late  directly  this  cross  section.  The  curve  labeled 
(3)  shows  the  calculated  ci’oss  section  for  helium. 

The  work  of  Somorvllie  suggests  a  slightly  lower 
curve  (2)  but  I  don't  think  in  this  stage  ten  percent  is 
going  la  bother  anybody.  Dr.  Kidder  mentioned  that 
they  liad  done  calculations  in  helium  using  phase 
shifts  for  tree-free  absorption  coefficient. 

Dr.  Aslikin  of  our  laboratory  has  just  completed 
some  calculations  using  the  Holtzmark  model  for 
argon  In  orde.r  to  check  the  Holstein  theory.  It's 
not  intended  that  the  cross  sections  calculated  using 


the  Holtzmark  model  for  scattering  be  accurate,  but 
that  the  calculation  provide  a  comparison  of  tl)e  cross: 
section  obtained  by  a  proper  integration  of  the  wave 
function  and  the  cross  section  one  gets  using  Holstein's 
theory.  It  turns  out  Holstein's  tlieory  is  very  good.  I 
therefore  feel  that  we  know  free-free  absorption  co¬ 
efficients  quite  well.  Uncertainties  in  the  cross  sec¬ 
tions  may  be  ten  percent  or  twenty  percent.  This  is 
probably  as  w.“”,  as  they  can  ever  be  known  from 
theory.  Maybe  somebody  will  :hink  up  an  experiment 
to  check  tliem  directly. 

I  have  also  shown  in  Slide  2  the  stimulated  emission 
cross  sections  which,  of  course,  have  to  be  taken  into 
account  in  the  laser  problem. 

Now  that  we  have  what  we  believe  is  an  accurate  free- 
free  absorption  coefficient,  we  want  to  use  this  to 
calculate  the  rate  of  energy  gained  by  the  electrons 
and  the  corresponding  rates  of  electron  excitation  and 
ionization.  I  won't  go  into  details.  Basically  this  in¬ 
volves  setting  up  the  Boltzmann  transport  equation, 
substituting  in  tlie  free-free  absorption  cross  section, 
programming  for  computer,  putting  in  realistic  elec¬ 
tron  scattering  cross  sections  (which  we  have  previ¬ 
ously  del  ived  in  otlier  connections),  and  calculating 
the  e.xcilation  and  ionization  coefficients. 

For  those  not  familiar  with  this,  in  general  what  one 
does  is  to  set  up  a  continuity  equation  in  energy  space, 
and  solve  this  equation  for  tlie  electron  energy  distri¬ 
bution  function  which  in  general  falls  off  with  increas¬ 
ing  electron  energy. 

An  important  question  to  be  answered  by  these  cal¬ 
culations  is  the  applicability  of  tlie  results  of  micro- 
wave  breaJtdo'wn  tlieory  to  tWs^  pTobielri.  Dr.  Hiitighl 
has  discussed  some  aspects  of  tlie  question  of  com¬ 
parison  witli  microwave  tlieory. 

The  appropriate  scaling  parameter  in  tlieory  is  the 
ratio  of  the  electric  field  strengtli  calculated  from  tlie 
laser  intensity  to  tlie  angular  frequency  of  the  optical 
radiation.  The  proposal  of  the  pr,,ponents  of  the 
microwave  tlieory  is  mat  if  we  take  the  correct  value 
of  this  ratio,  substitute  into  the  microwave  tlieory, 
we  can  calculate  the  rates  of  ionization  and  so  fortli 
which  one  needs  to  compute  breakdown  conditions. 
Therefore,  what  we  have  done  is  to  make  comiiari- 
sons  of  tlie  more  e.\act  theory  with  a  microwave 
theory  using  this  same  scaling  factor. 

Now,  the  distribution  function  in  the  microwave  case 
turns  out  to  be  a  monotor'caily  decreasing  function  of 
electron  energy,  with  no  particularly  interesting 
structure.  When  one  puts  in  tlie  finite  photon  energy 
of  the  optical  case,  one  finds  that  the  distribution 
functions  for  helium  and  argon  have  some  small  oscil¬ 
lations  near  zero  energy  and  a  few  more  starting  at 
the  excitation  potential.  Other  thanth<at  it's  vei-y  close 
to  that  calculated  using  the  microwave  theory. 

To  calculate  excifatlon  and  ionization  rates,  we  mul¬ 
tiply  tlie  distribution  function  times  the  cross  section 
and  velocity  and  carry  out  an  integration  over  energy 
space.  The  rates  of  excitation  and  ionization  colli¬ 
sions  are  shown  in  Slide  3.  Here  we  show  for  helium 
tlie  excitation  and  ionization  frequencies  (the  rate  per 
unit  time  per  atom)  as  a  function  of  the  parameter  elec¬ 
tric  field  strength  to  angular  frequency.  The  square 
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points  are  calculated  using  microwave  theory,  tliatls, 
making  tlie  assumption  Uiat  the  photon  energy  is  so 
small  that  we  use  tlie  classical  theory  ot  eleOtron 
acceleration.  It  we  use  the  cross  sections  which  I 
have  just  presentecl  for  optical  photons,  one  calcu¬ 
lates  the  circular  points.  We  ace  Uiat  they  agree  to 
within  tlie  accuracy  of  tlie  calculation. 


E-.  ftniiMJ  an.)  ionization  frciucncios  for  olctr^.n.  ,n  tiofium 
ot  hi^h  froquonoio. 


Therefore,  even  thougli  one  may  be  unliappy  witlisome 
of  Uie  concepts  of  the  microwave  tlieory  applied  to  the 
optical  regime,  we  feel  that  we  have  sliown  tliat  a 
properly  scaled  microw.ave  theory,  using  the  param¬ 
eter  E/w  does  lead  to  the  correct  rates  of  excitation 
and  ionization. 

.Mow,  in  any  comparison  with  experiments,  in  partic¬ 
ular  in  the  optical  region,  we  have  to  worry  about  this 
possibility  of  niultiphoton  processes.  We  feel  that  the 
evidence  available  at  present  strongly  f.avors  the  pres¬ 
ence  ot  multiphoton  photo-ionization  of  excited  states. 
By  that  I  mean  tliat  the  evidence  suggests  tliat  if  an 
electron  excites  an  atom  to  the  first  excited  state, 
then  three  photon  photoionization  occurs  very  rapidly. 

We  have  obtained  what  we  feel  is  direct  evidence  tor 
this  in  the  form  of  observations  of  broadening  of  spec¬ 
tral  lines  during  the  laser  pulse.  However,  this  In¬ 
formation  has  not  been  made  very  quantitative  yet. 

Now  tliat  we  know  rates  ot  production  of  electrons,  we 
have  to  balance  this  against  a  loss  rate  and  the  rate 


of  production  required  to  build  up  the  ionization  so  as 
to  essentially  completely  ionize  the  gas. 

The  continuity  equation  whicli  we  have  to  consider  is 

eT^  (i5^>f'.)n-DV’2„ 

Here  n  is  the  electron  density,  r  .  and  ic  are  the  ex¬ 
citation  .and  ionization  coefficients,  and  D  is  the  elec¬ 
tron  diffusion  coefficient. 

It's  difficult  to  solve  this  equation  to  any  degree  ot 
precision;  just  within  tlie  last  few  months  it  dawned 
on  one  of  our  mathematicians  that  this  equation  can  bo 
reduced  to  the  Schrodinger  equation  and  that  therefore 
techniques  for  solution  are  available  in  many,  many 
books.  We  are  currently  in  the  process  ot  trying  to 
lake  advantage  of  this.  So  tar  we  have  used  the  ap¬ 
proximate  solution  used  by  those  concerned  with  high 
ixiwer  r.adar  transmission.  Here  one  essentially  con¬ 
siders  that  one  has  a  circular  beam  of  energy  passing 
through  a  gas  and  that  there  is  an  absorbing  boundary 
essentially  at  the  edge  ot  the  radar  beam.  Unfortu¬ 
nately  in  cylindrical  geometry  tills  approximation  loads 
to  an  error  which  could  be  serious,  namely,  it  pre¬ 
dicts  a  llireshold  for  breakdown. 

C.  W.  Helstrom  of  our  laboratory  lias  shown  that  if 
one  solves  the  continuity  equation  in  cylindrical  geom¬ 
etry,  one  finds  that  there  is  no  threshold  for  break¬ 
down  in  the  true  sense.  One  always  gets  some  rate 
of  growlii  of  ionization. 

For  our  present  purposes  we  replace  the  diffusion 
term  by  a  diffusion  coefficient  divided  by  a  square  of 
the  dlffu.sion  length.  The  diffusion  length  is  the  radius 
divided  by  2.405,  tlie  first  root  of  the  Bessel  function, 
Wp  then  assume  that  the  electron  density  increases, 
exponentially  with  time  and  calculatt  the  e.xponent  in 
the  growth  equation.  This  solution  can  be  used  along 
with  our  condition  that  the  electron  density  grow  from 
about  10“  cni*“  to  th.at  ot  a  completely  ionized  gas  to 
calculate  the  time  required  for  breakdowns. 

In  Slide  4  I  iiave  shown  some  calculations  ot  the  time 
required  for  breakdown  in  helium  at  one  atmosphere 
and  for  a  lO'^cm  r.idius  focal  spot.  As  shown  by  the 
left  hand  dashed  curve,  the  predicted  threshold  in  this 
case  is  around  5  x  10^ watts  per  square  centimete  r 
when  we  assume  that  excitation  is  followed  by  photo- 
ionization.  If  wo  assume  that  only  direct  ionization  is 
important,  we  obtain  the  right-hand  dashed  curved. 

The  solid  curves  of  Slide  4  show  curves  of  the  break¬ 
down  limes  witli  no  diffusion.  The  expected  values 
lie  between  these  curves  bec.ause  of  the  possible  effects 
of  space  cliarge  and  tiie  errors  in  solution  of  the  dif¬ 
fusion  equation. 

Unfortunately,  I  do  not  have  a  slide  of  any  of  the  ex¬ 
perimental  data  obtained  by  Waynan»  and  Ramsey.  I 
can  ehow  people  afterwards  a  drawing  for  the  case  of 
argon.  It  turns  ov.t  diat  for  argon,  with  a  3.  3  centi¬ 
meter  focal  lengtii  lens,  the  agreement  between  theory 
and  experiraenl  is  good,  probably  better  than  we  should 
expect.  For  the  longer  focal  lengtli  tenses,  the  agree¬ 
ment  is  not  so  good. 

I  should  point  out  that  we  have  had  a  great  deal  of  dif¬ 
ficulty  with  changing  laser  intensity  patterns.  It  lias 
been  extremely  difficult  to  keep  our  calibrations  at 
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all  believable,  and  calibration  has  really  occupied  a 
larpo  fraction  of  the  oxperimenlalist's  time,  Some  of 
the  changes  in  beam  divergence  can  be  eliminated  by 
\ising  a  more  modern  flash  lamp  and  reflector,.  In 
spite  of  these  difficulties,  I  believe  the  data  obtained 
by  W'aynant  and  ll;imsey  represent  a  marked  improve¬ 
ment  in  tecimiques  and  results  over  that  available 
previously. 


A  second  point  is  that  the  laser  intensity  is  not  con- 
staid  with  time  assumed  in  this  calculation.  One  has 
to  take  into  account  tlie  time  variation  of  tlio  laser 
pulse.  We  are  working  on  tills. 

So  far  I  have  discussed  wliat  we  thinlc  we  understand. 
Now,  1  would  like  to  discuss  one  of  die  things  we  don't 
understand.  This  has  to  do  with  the  problem  of  initia¬ 
tion  of  tile  growth  of  ionization.  Before  I  do  that,  I 
would  like  to  sliow  a  typical  laser  pulse  and  an  obser¬ 
vation  of  breakdown. 

On  the  left  of  Slide  ^  is  shown  a  photograph  of  the  laser 
output  as  taken  with  a  diode  and  oscilloscope  with  a 
two-tentlis  nanosecond  time  resolution.  A  typical 
laser  pulse  in  our  experiments  has  a  half  width  about 
OO  nanoseconds. 


On  the  right-hand  side  of  Slide  5  we  have  shown  tlie 
effect  of  breakdown  on  the  laser  energy  transmitted 
tlirough  argon.  Argon  is  one  of  tlie  gases  that  sliows 
tlie  sliarpest  onset  of  breakdown.  It  is  Indeed  quite 
sliarp  witli  this  time  resolution.  In  some  gases,  sucli 
as  helium  at  atmospheric  pi-essure,  one  has  a  great 
deal  of  difficulty  observing  tlie  absorption. 


This  slide  is  of  significance  in  siiowing  first  that  we 
do  have  the  ability  to  measure  the  time  required  for 
breakdown  to  occur  and,  secondly,  we  do  have  tlie 
difficulty  of  multimodlng  in  tlie  laser.  Tliis  also 
shows  up  ill  a  very  horrible  spatial  distribution  of  in¬ 
tensity.  Waynant  and  Ramsey  have  taken  pictures  of 
focal  spots  using  XR  film.  If  these  are  printed  on 
high  contrast  paper,  the  pattern  looks  like  a  nebula 
or  somelliiiig.  It's  just  horrible  as  far  as  aiialy.sis  is 
concerned.  I  hope  tliat  some  day  somebody  can  come 
up  Willi  a  tecliiiique  for  producing  a  more  uniform 
spatial  distribution. 

Oiitlcal  data  on  breakdown  times  is  sliown  in  Slide  9. 
Here  we  plotted  tlie  time  required  for  breakdown  as 
a  function  of  the  laser  energy.  The  total  laser  energy 
is  also  a  measure  of  tlie  peak  intensity  of  the  laser, 
since  the  half  width  of  the  pulse  is  fixed.  The  time 
shown  here  is  arbitrary  in  tlie  sense  that  zero  is  de¬ 
termined  liy  tlie  synclironization  of  the  oscilloscope. 
The  import.ant  point  is  tliat  breakdown  may  occur  be- 
iorc  or  after  the  peak  in  the  laser  pulse.  On  occasion 
one  gets  a  breakdown  at  times  as  large  as  180  nano¬ 
seconds.  The  thre.sliold  is  determined  then  by  finding 
the  minimum  intensity  or  minimum  energy  which  will 
lead  to  breakdown. 

The  data  ol  Slide  6  also  shows  tlio  effect  to  tlie  appli¬ 
cation  of  a  dc  field  across  the  breakdown  region.  We  find 
a  thousand  volts  appiied  across  about  a  centimeter  and  a 
half  at  atmospheric  pressure  has  no  effect.  This  is  the 
kind  of  data  that  one  needs  for  comparison  with  tlieory  be¬ 
cause  it  can  be  compared  with  the  calculations  that 
were  shown  previously  in  Slide  4. 

Now,  a  rather  significant  point  to  be  made  on  the  basis 
of  the  data  of  Slide  6  is  that  if  one  considers  a  given 
laser  energy,  the  spread  in  breakdown  times  is 
rather  sm.all.  T’ is,  wo  feel,  is  evidence  that  the 
initiatioi-r  of  the  discharge  is  tlie  fosuit  of  a  direct 
interaction  of  tlie  laser  energy  witli  the  neutral  par¬ 
ticles  presumably  multiplioton  pli  lioniz.ition  of  the 
main  gas  or  of  impurities.  One  l  account  for  a 
portion  of  the  scatter  wliich  one  sees  in  Slide  6  on  tlie 
basis  of  the  nonuniform  and  noiireproducible  laser 
patterns  discussed  previously.  However,  some  of 
the  spread  is  probably  due  to  statistical  effects  to  be 
discussed  below. 

Note  that  I  do  not  believe  that  multiiilioton  processes 
can  account  for  Ihe  bulk  of  the  ionization.  I  don't 
think  there  is  a  factor  of  a  hundred  error  in  intensity 
as  proposed  recently  in  Pliysical  Review  Letters  by 
GoldiuidBeeb.  They  proposed  that  all  of  the  observed 
ionization  was  due  to  a  multiphoton  process  and  iliat 
the  reason  they  didn't  get  a  check  between  this  theory 
and  the  experiment  was  tliat  tlie  experimental  meas¬ 
urements  of  peak  intensity  were  of'  by  a  factor  of  a 
hundred  due  to  no  innlformities.  Tliere  may  i)c  fac¬ 
tors  of  two  error  tlie  pe.ik  intensity. 

Finally,  on  Slide  ?  I  would  like  to  try  to  present  some 
of  the  arguments  wliicl.  lead  to  a  prediction  of  a  nar¬ 
row  sprcai*  in  brealedown  time  when  tlie  initiation 
process  is  a  nonlinear,  or  direct  one.  At  the  top  of 
theslido  the  solid  line  indicates  an  idealized  schematic 
of  the  laser  intensity  as  a  function  of  time.  If  we 
assume  that  the  initiating  electrons  arc  produced  by 
a  multiplioton  process,  then  Hie  prob.ability  per  unit 
time  of  producing  such  an  electron  will  vary  as 
some  high  power  of  the  laser  intensity.  This  leads 
to  a  probability  per  unit  time  cf  production  of  initia¬ 
ting  electrons,  such  as  indicated  by  the  broken  curves 
in  the  top  graph. 
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The  remaining  two  drawings  on  Siide  7  arc  .nlended  to 
show  what  ono  predicts  Tor  the  probability  tliat  tlie 
initiating  eiectron  will  be  produced  at  a  certain  time 
during  the  laser  pulse.  II  the  growth  I'equli'Cd  zero 
time,  then  this  would  be  the  time  of  breakdown.  For 
the  present  wo  will  assume  th.it  this  is  a  good 
approximation. 

At  the  lowest  intensity  the  integr.ol  under  the  curve  of 
pri  bability  of  electron  production  is  unity.  In  other 
words,  on  Iheaver.Tge  the  laser  produces  one  initialing 
electron.  In  this  case  we  find  that  the  prob.ability  of 
breakdown  .after  time  decreases  with  increasing  time 
and  levels  off  at  about  0. 6  as  sliown  by  the  •  .iddle  •’.et 
of  corves.  In  other  words,  about  a  third  of  the  lime 
one  doesn't  see  breakdown.  If  the  User  intensity  is 
raised  by  something  like  twenty  percent,  about  five 
electrons  are  produced  per  pulse.  This  gives  a  rather 
sharp  decrease  in  the  probaltiiity  of  initiation  after 
time  which  occurs  near  the  maximum  of  the  laser 
pulse,  If  the  laser  energy  is  doubled,  .about  two  thou¬ 
sand  electrons  are  produced  per  pulst,  .ind  the  curve 
representing  the  probability  of  initiation  is  shifted  to 
earlier  times. 

The  derivatives  of  the  middle  curves  give  the  proba¬ 
bility  that  initiation  will  occur  between  t  and  t  plus  4  t 
and  are  shown  in  the  lowest  set  of  curves.  From  these 
curves  we  predict  a  rather  narrow  spread  in  the  time 
of  initiation,  i.  e. ,  some  five  nanoseconds  in  the  case 
of  our  ninety  nanosecond  half  width  baser  pulse.  The 
time  required  for  the  growth  of  the  ionizationhas  to  be 
added  onto  this  time  to  find  the  time  of  breakdownv 


Calfulali..n»  *■(  llie  piolab,l.(y  O  laser  bieuM'rwn  with  non  tirieur 
miiinti'in  oicrlianivin 
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Dr.  naught  raised  the  question  of  tlie  statistics  of  the 
growth  of  ionization.  We  have  investigated  this  using 
somewhat  simplified  models  for  the  free -free absorp¬ 
tion  and  theelectroi;  '’oMision  cross  section.  It  is  our 
conclusion  that  althougli  there  may  be  a  large  statis¬ 
tical  fluctuation  in  the  time  required  for  one  olecU'on 
to  gain  enough  energy  to  ionize,  the  face  tliai  tlie  ava¬ 
lanche  consists  of  a  series  of  about  30  ionizatio.n  events 
reduces  tlie  fluctuation  in  the  breakdown  time  consid¬ 
erably.  In  the  case  of  helium  one  might  expect  as 
much  as  twenty  percent  fluctuation  in  the  time  requii'ed 
for  Uie  electron  density  to  grow  to  ttic  value  required 
for  tlie  observation  of  breakdown.  This  value  is  prob¬ 
ably  too  large  because  it  was  based  on  the  time  history 
of  a  single  electron  and  does  not  take  into  account  the 
averaging  effect  of  the  targe  number  of  electrons 
produced  in  the  latter  stages  of  the  avalanche.  So  1 
tliink  Uie  statistical  effects  in  a  gas  like  helium  will 
in  the  growth  be  smaller  than,  say  twenty  percent. 
In.  a  very  low  ionization  potential  gas  using  ruby,  they 
could  be  quite  large. 

We  liave  investigated  a  number  of  other  problems,  but 
I  won't  have  time  to  discuss  them  in  delail  here.  Wo 
have  inv'ostigated  the  etfects  of  transients  on  the  elec¬ 
tron  energy  distribution  function.  I  mentioned  that 
we  liad  investigated  better  solutions  of  the  diffusion 
equation  and  tliat  we  had  obtained  evidence  for  non¬ 
linear  ionization  of  excited  slates.  This  broadening 
of  specUal  lines  by  the  laser  is  very  important  when 
one  considers  the  amount  ol  light  emitted  by  the 
plasma  while  the  laser  pulse  is  on.  If  the  laser  re¬ 
duces  the  e.xcited  state  lifetime  of  about  see 

then  the  amount  of  radiation  emitted  in  tlie  normal 
radiation  process  with  a  lifetime  of,  say,  10'8  gee  is 
reduced  by  some  four  orders  of  magnitude. 

Another  interesting  nonlinear  effect  is  (hat  in  air  at 
high  pressures^  one  observes  an.  absorplJoa  of  the 
laser'  energy  which  is  a  cumulative  process.  This 
process  is  in  addition  to  the  breakdown  process. 
Breakdown  occurs  at  higlier  power  levels  and  under 
these  conditions  produces  a  much  sharper  decrease  in 
transmitted  intensity.  One  possibility  is  the  produc¬ 
tion  of  an  absorbing  species  by  the  laser.  I  should 
point  out  that  tlie  experimental  work  by  Waynaiit  and 
Hanisey  and  the  initial  pliases  of  the  theoretical  work 
were  carried  out  under  Contract  AF30(C02)-3332  with 
the  Romo  Air  Force  Development  Center. 

MODERATOR  BYRNE;  Any  questions? 

DR.  FRED  McCLUNG;  A  question  on  the  broadening 
ef  spectral  lines.  Ai'cyou  looking  at  the  spectral  linos 
Ijiring  the  emission  process  tliat  occui-s  as  the  result 
oC  the  ionization,  or  are  you  somehow  or  oUier  trying 
40  do  this  by  e.xcilatlon  or  some  other  means? 

DR.  PHELPS;  We  used  an  IT  &  T  diode  to  observe 
the  output  of  a  spectrometer.  At  the  center  of  the  line 
one  finds  tlial  the  liglitoutput  builds  up  during  the  laser 
pulse  and  then  decays  slowly  with  lime.  When  the 
spectrometer  is  shifted  50  A  the  amplitude  is  reduced 
but  llie  time  dependence  Is  unchanged.  At  100  A  from 
tlie  line  center  tlie  intensity  drops  off  with  tlie  laser 
pulse.  The  experiment  that  we  would  like  to  do  in¬ 
volves  a  smear  camera  picture  of  the  output  ol  tlie 
spectrometer  as  a  function  of  time. 

DR.  McCLUNG;  It  sounds  like  you  have  a  black  body 
continually  running  during  tlie  laser  pulse  itself. 


DR.  PHELPS;  If  the  spectrometer  is  set  a  lew  hundred 
Angstroms  from  the  center  the  intensity  is  very  small. 

DR.  McCLUNG;  Tliere  are  still  a  lot  of  questions. 

DR.  PHELPS;  Tliat’s  why  I  say  it’s  not  publishable 
today. 

DR.  McCLUNG:  Tell  me  more  about  your  laser  later, 
and  I  will  see  if  I  can  offer  a  few  suggestions. 

DIt,  PHELPS:  This  particular  laser  represented  tlie 
sU.te  of  the  art  at  the  time  the  project  was  started, 
bu.  certainly  could  be  brought  up  to  date.  Howei'er, 
seme  deveiopment  would  be  necessary  to  obiain  a 
desirable  pattern. 

DR.  CULVER;  This  absorption  at  high  pressures  in 
air  apparently  lakes  place  when  you  do  no!  have 
breakdowns. 

DR.  PHELPS:  Right,,  prior  to  breakdown.  If  you 
raise  the  laser  intensity  slightly  liigher  tlie  traiis- 
miltcd  intensity  would  sliow  a  typical  breakdown 
dropoll. 

DR.  CULVER:  This  corresponds  to  an  aopreciable 
absorption  out  of  the  beam  in  the  small  volume  of  the 
focus,  and  would  apparently  give  rise  to  an  increase 
in  pressure  that  United  Aircraft  would  measure  on 
the  manomeler,  for  instance.  This  goes  actually  to 
heating  the  air  in  that  region,  is  that  right? 

DR.  PHELPS:  So  far  as  we  know.  This  is  an  obsei  - 
vation  which  we  cume  across  when  we  were  looking 
at  the  — 

DR.  CULVER:  It's  not  the  scattering  of  the  beam? 

DR.  PHELPS:  It  could  be.  We  did  not  liave  sufficient' 
money  to  investigate  tliis  effect  further. 

DR.  CULVER;  The  way  your  drawing  corresponds  to 
thousands  of  joules  per  cubic  cenl’meter. 

DR.  PHELPS:  It'sa  high  mteiislly,  there's  no  question 
about  it. 

DR.  HAUGHT:  In  one  of  your  slides  you  showed  a 
substniilial  time  delay  between  tlie  start  of  the  incident 
giant  pulse  and  the  initiation  of  the  breakdown  —  a 
delay  wliich  you  attribute  to  a  wait  for  tlie  first  elec¬ 
tron  to  be  produced  by  a  multiplioton  process  involving 
eitlicr  tlie  background  gas  or  impurities. 

DR.  PHELPS:  Yes,  you  are  referring  to  the  last  slide 
on  which  the  results  of  our  theoretical  calculations 
were  shown.  They  indicate  that  wlien  tlie  laser  inten¬ 
sity  is  low  enough  there  can  be  an  appreciable  delay 
due  to  the  requirement  of  producing  the  first  electron. 
There  <'i,  in  fact,  some  very  indirect  experimental 
eviden  tliat  this  may  be  occurring  for  breakdowns 
at  higli  gas  pressures  and  low  laser  intensities.  The 
whole  problem  of  Uiis  nonlinear  process  is  that  we 
have  no  idea  wliat  species  are  involved. 

DR.  HAUGHT:  That  is  correct.  In  fact,  that  is  pre¬ 
cisely  the  point  I  wish  to  make  liere.  At  atmospheric 
pressure,  there  are  present  in  the  focal  region  wljero 
the  breakdown  first  develops  some  10^°  gas  atoms. 

Hie  gases  used  in  the  experiments  have  purities  no 
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better  tlian  one  part  in  10®,  and,  therefore,  within  the 
breakdown  volume  there  are  some  10®  impurity  atoms 
which  may  include  a  substantial  fraction  of  easily 
ionized  sodium  atoms  from  fingerprints,  perspiration, 
or  other  cofitamination  sources. 

We  have  carried  out  some  experiments  in  which  a  co¬ 
balt  60  radiation  source  was  used  to  irradiate  the  focal 
region  under  circumstances  which  would  produce  a 
quantity  of  initial  electrons  witliin  the  focal  region.  Li 
these  experiments,  we  found  that  the  cobalt  irradiation 
liad  no  effect  whatsoever  on  tlie  time  delay  required 
tor  the  development  of  breakdown!.  Tliis  indicates  that 
the  gas  had  selected  tor  itself  a  reaction  process  boUi. 
tor  producing  tiie  initial  ionization  and  initiating  the 
avalanche  and  that  the  presence  or  absence  of  a  few 
additional  initial  electrons  introduced  by  the  cobalt 
radiation  source  made  no  difference  whatsoever. 
These  results  indicate  that  the  formation  of  the  initial 
electron  is  not  the  rate  limiting  slop  inthedeveiopmenl 
of  the  breakdown.  Suffieic  nl  impurities  are  present 
to  provide  the  initial  electrons  required  tor  the  ava- 
l.V  ..he  process. 

DR.  PHELPS;  That  is  why  I  claim  we  will  never 
understand  this  process  until  we  pul  in  a  mass  spec¬ 
trometer,  which  is  whal  we  would  like  to  do. 

DR.  MEYERAND;  I  would  like  to  make  a  couple  of 
comments  emphasizing  in  particular  the  areas  of 
agreement  between  Iho  Westingliouse  work  and  that 
carried  opt  at  United  Aircraft.  First  of  all,  wc  arc 
agreed  that  an  avalanche  process  involving  oleclroii- 
atom  ionizing  collision.s  is  responslb'e  for  producing 
the  bulk  of  the  ionization.  This  is  in  distinction  to  the 
views  of  some  who  are  still  adhering  to  the  direct 
mechanisms  as  Dr.  Phelps  calls  them,  We  feel,  as 
do  the  Wc-stinghouse  j/cople,  that  the  great  bulk  of 
data  favors  the  electron  Impact  cascade  mechanism. 
T!i!d  i^Fajportai-il  i'lT  predicting  the  rate  of  builu  up  of 
the  ionization.  Secondly,  we  feel  that  an  atom  is 
rapidly  excited  by  photoc.xcitation  and  pholoionizallon 
processes  after  If  has  been  raised  to  anexcitedistate. 
Tliis  too  is  important  in  picdictlng  the  rate  and  mag¬ 
nitude  of  the  ionization  occurring.  Thirdly,  we  feel 
that  the  question  of  where  the  first  electron  arises 
is  as  yet  an  unresolved  problem.  Dr.  Phelps  has 
tried  to  remove  any  residual  electrons  present  in  the 
gas  and  has  observed  no  effect  on  the  ionization  time 
delay.  Wc  have  performed  experiments  in  which  we 
produce  an  initial  ionization  In  the  gas  by  a  radioactive 
source  :  In  these  experiments  again  no  effect  on  the 
breakdusVn  is  observed.  We  also  agree  that  wlicn  the 
electrons  in  the  breakdown  region  are  liol,  that  is 
have  an  energy  in  excess  of  tlie  energy  of  a  photon  of 
(lie  applied  field,  the  balance  of  photon  absorption  and 
emission  processes  gives  an  energy  gain  rate  by  the 
plasma  that,  as  Dr.  Ilaught  said,  relates  very  closely 
to  tliat  predicted  by  the  classical  microwave  picture. 
For  low  electron  energies,  the  stimulated  emission 
process  cannot  occur  and  tlie  absorption  may  be  quite 
liigh,  mucli  larger  than  that  indicaledby  the  classical 
microwave  picture.  Since  for  many  plasmas  of  inter¬ 
est  the  electron  temperature  is  low,  this  large  inter¬ 
action  cross  section  can,  bo  extremely  important  in 


determining  the  absorption  of  an  optical  beam  and  is, 
in  any  case,  of  basic  theoretical  importance  in  under¬ 
standing  the  interaction  of  optical  radiation  witli 
plasmas.  In  ttiink  that  at  least  on  these  points  we  are 
in  agreement. 

DR.  PHELPS:  I  would  like  to  comment  on  Dr.  Haugiit's 
remarks  concerning  effects  to  be  observed  when  the 
electron  collision  frequency  is  approximately  equal  to 
the  angular  frequency  of  the  radiation.  On  the  basis 
of  microwave  theory,  one  predicts  an  increase  in  Hie 
field  strengtli  necessary  for  breakdown  at  lilgli  pres¬ 
sures.  It  lias  been  pointed  out  to  me  by  Holstein 
(wliom  you  will  recognize  as  my  cliief  menlor  in  this 
buisiiess)  that  when  one  gets  to  this  liigli  gas  density 
region  and  one  lias  to  worry  about  quantum  effects, 
then  one  is  lost.  Because  what  one  is  asking  for  is  a 
quantum  transport  theory  for  hot  electrons.  At  pres¬ 
ent  there  is  no  useful  theory.  Tlie  difficulty  arises 
from  the  fact  that  in  this  region  we  are  dealing  with 
multiple  collisions  in  which  the  electron  wavelength 
is  comparable  with  tlie  space  between  atoms. 

This  moans  that,  coiilrary  towliat  Iliave  seen  in  some 
reports,  the  increasing  Ihresliold  with  density  pre¬ 
dicted  by  tlie  microwave  Hieory  is  not  an  indiention  of 
error  in  tlie  microw.ave  theory.  It  is  probably  tlie 
only  thing  we  liave  now  tlial  will  even  come  close  to 
predicting  whal  will  happen  in  these  high  densities. 
Tliis  failure  of  present  quantum  theories  to  predict 
this  effect  should  be  regarded  as  a  deficiency  in  the 
quantum  tlieory. 

MODERATOR  BYRNE:  Any  further  comments? 

DR.  DAW:  I  wondered,  what  about  the  initial  emis¬ 
sions  from  the  break'inwn,  particularly  in  the  ultra¬ 
violet  region,  Hie  photographs  I  believe  that  Dr. 
Haught  was  speaking  about  in  which  lie  showed  Hie 
emission  coming  from  Hie  breakdown  reglom 

DR.  HAUGHT:  Thatwas  in  the  ---  We  have  not  made 
measuremenls  in  the  ultraviolet. 

DR.  DAW:  Then  both,  I  think,  indicated  Hidy  had 
current  collectors  on  the  device.  Did  this  mfike  any 
difference  in  the  breakdown  wlicn  you  were  puiling 
electrons  out? 

DR.  HAUGHT:  No,  I  should  have  mentioned  that  we 
made  these  measurements  with  the  electrodes.  Tliere 
were  potentials  on  the  electrodes  actually  drawing  the 
current,  and  without  the  electrodes  there,  all  in  pre  ¬ 
cisely  the  same  cell,  we  found  no  difference  whatso¬ 
ever  ill  Hie  breakdown  threshold  inany  of  these  cases. 

It  would  be  very  easy  to  be  just  a  little  bit  sloppy  and 
have  the  laser  beam  hit  one  of  the  electrodes  in  which 
case  the  presence  of  that  first  electron  I  don’t  think 
would  be  subject  to  any  doubt  whatsoever.  This  was 
not  tlie  case. 

MODERATOR  BYRNE:  Coffee  Is  available  in  the  back 
of  the  room.  Let's  try  to  start  again  in  ten  minuies. 
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MODERATOR  BYRNE:  Now  \ve  will  leave  the  subject 
of  gas  breakdown  and  go  to  refractive  index  variations 
within  the  laser  material.  This  work  will  be  pre¬ 
sented  by  Dr.  Izatt  and  Dr.  Daw  from  New  Mexico 
State  University, 

DR.  J.  IZATT:  We  are  hi  the  process  of  making 
measurements  to  determine  the  effect  of  optical 
pumping  on  optical  dispersion  in  the  immediate 
vicinity  of  the  R1  line  in  ruby.. 

An  obvious  first  step  in  doing  this  is  to  determine 
tlie  anomalous  dispersion  for  an  unpumped  sample. 
We  had  expected  that  when  we  attempted  to  do  this, 
we  would  find  close  agreement  with  wejl-understood 
physics.  We  find,  however,  that  our  results  are  a 
little  bit  unusual  in  at  least  two  respects.  We  would 
like  to  describe  our  experimental  procedure  in  some 
little  detail,  and  tlien  show  results  for  the  nnpumped 
sample  in  the  hopes  that  you  might  be  able  to  offer 
some  cogent  sugge.stions  in  the  interpretation  of  this 
datxi  or  indicate  places  In  Uie  e.xperimental  procedure 
where  you  think  uncertainties  might  be  present. 

I  am  going  to  talk  about  the  experiment,  and  then  show 
you  some  data  about  the  temperature  shift  of  the 
output  of  ruby  laser  at  liquid  nitrogen  temperature, 
and  then  Dr.  Daw  will  talk  to  you  about  the  index 
measurements  on  an  unpumped  sample. 

lii  our  experiment  we  are  interested  in  determining 
index  variations  interferometrically,  that  is,  by 
measuring  fringe  shifts  in  an  interferometer.  Tlie 
equipment  is  shown  schematically  in  slide  one. 
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We  have  two  parallel  optical  channels.  We  have  two 
lasers,  a  ruby  laser  and  a  gas  laser,  each  of  which 
illuminates  two  Fabry-P  ’ot  Interferometers.  The 
beams  from  tlie  sources  are  directed  by  folding  mir¬ 
rors,  so  that  a  portion  ot  each  of  thom.is  incident  on 
a  high  quality  reference  Interferometer  and  also  on 
a  Fabry-Perot  clalon.  This  elalon  consists  of  a  ruby 
cylinder  one  centimeter  in  diameter  and  one  centi¬ 
meter  in  length. 

The  ruby  laser  is  housed  in  a  cavity  in  such  a  way 
that  it  can  be  cooled  to  liquid  nitrogen  temperature. 

It  has  a  heating  coil  associated  with  it,  so  that  we 
can  vary  its  temperature  over  a  rmge  around  liquid 
nitrogen  temperature.  We  also  piimp  on  the  liquid 
nitrogen  in  order  to  achieve  temperatures  lo’ver  than 
77  degrees.  The  temperature  of  the  source  laser  is 
measured  by  means  of  a  thermocouple.  The  ruby 
itself  is  clamped  into  a  copper'  rod  which  communi¬ 
cates  directly  with  the  liquid  nitrogen. 


The  sample  ruby  is  also  housed  in  a  pumping  cavity, 
and  it  is'  also  cooled  to  liquid  nitrogen  temperature. 
There  is  also  a  heating  coil  associated  with  it,  so 
tiiat  the  sample  ruby  can  be  varied  in  temperature. 
In  this  case  the  ruby  itself  is  housed  in  a  sapphire 
iiolder,  a  little  spherical  holder,  which  in  turn  is 
clamped  into  a  copper  rod  that  communicates  directly 
witli  the  liquid  nitrogen. 

The  procedure  for  getting  data  is  to  illuminate  the 
interferometers  with  the  gas  laser.  This  lorms  a  set 
of  fringes  in  both  of  the  interferometers  which  are  re¬ 
corded  on  film.  We  tlion  flash  the  ruby  laser  and  get 
a  second  set  of  fringes  in  each  intei'ferometer.  By 
varying  the  temperature  of  the  ruby  source  we  scan 
the  source  temperature  in  small  steps  from  well 
below  to  well  above  the  sample  temperature.  From 
the  reference  interferometer  We  get  information  on 
tlie  wavelengtli  shift,  and  from  tlie  ruby  etalon  infor¬ 
mation  on  wavelength  and  index  sliifts.  We  use  coni¬ 
cal  Fabry-Perot  fringes  which  were  described  some 
time  ago  by  Tolansky.  ^  Instead  f  illuminating  the 
interferometer  witii  diffused  light  from  a  collimated 
beam  one  has  a  divergent  beam  incident  on  tlie  inter¬ 
ferometer.  By  this  nieiins  the  light  can  be  concen- 
ti'ated  into  a  predetermined  number  of  fringes  near 
11  e  center  of  the  pattern.  We  illuminate  essentially 
half  a  dozen  fringes  with  the  light.  The  interferom¬ 
eter  is  followed  with  a  lens  and  photographs  are  made 
in  the  focal  plane  of  that  lo.is.  We  then  have  fringes 
whose  spacing  obeys  the  normal  Fabry-Perot  inter- 
Caronieter  rules.  We  use  a  two-iiieter  lens  following 
the  etalon  so  that  the  positioning  cif  the  photographic 
plates  in  the  focal  plane  is  ■'t  overly  critical,  and 
we  get  good  magnification. 

The  output  of  the  ruby  laser  is  polarized,  and  we 
find  that  upon  rotating  the  sample  we  get  significant 
variation  in  tlie  quality  of  the  fringes  that  are  .ptflr. 
ducea "by  it.  Wobmaily,  we  align  tlie  sample  so  that 
It  produces  tlie  best  quality  fringes.  We  have  a  pair 
of  quarter-wave  plates  associated  with  the  gas  laser 
so  that  we  can  rotate  its  plane  of  polarization  until 
we  get  optimum  fringes  from  it  also. 

PROF.  SCHAWLOW:  Wliat  is  the  orientation  of  the  C 
axis  ot  tlie  sample? 

DR.  IZATT:  It  is  normal  to  the  cylinder  axis, 

PROF,  SCHAWLOW:  Do  you  know  liow  it  turns  out 
when  you  make  the  adjustment  lor  best  fringe  quality? 

DR.  IZATT:  Yes,  it  turns  out  that  the  polarization 
ol  the  laser  is  parallel  to  tlie  C  axis.  We  will  show 
you  some  data  in  a  lew  minutes  that  shows  tlic  differ¬ 
ence  upon  rotation  of  the  plane  ol  polarization. 

PROF.  SCHAWLOW:  That  may  account  for  your 
weak  effects. 

DK  IZATT.  Yes,  we  will  get  to  that  very  sliortly. 

I  believe  the  first  tiling,  then  to  be  described  in 
lurUier  detail  is  the  wavelength  sliift  witli  tempera¬ 
ture,  Each  time  we  make  an  exposure  it  is  a  double 
exposure  on  each  plate.  From  successive  exjiosures 
through  tlie  reference  channel  we  get  a  wavelengtli 
shift  associated  with  whatever  variation  in  tempera¬ 
ture  there  has  been  at  the  ruby  source. 
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The  next  slide  (Slide  2)  shows  a  typical  plate  photo¬ 
graphed  through  the  reference  interferometer  at 
liquid  nitrogen  temperature.  The  csntralniost  fringe 
is  a  gas  fringe;  note  that  it  is  doubled.  The  other 
gas  fringes  can  be  identified  by  this  doubling.  In  be¬ 
tween  successive  gas  fringes  there  are  four  compo¬ 
nents  representing  the  output  of  the  ruby  laser. 


Two  of  these  represent  the  ground  state  .splitting 
ill  the  ruby  laser ,  that  Is,  they  are  separated  by 
0.  38  wave  numbers.  Iji  making  a  ty.^ical  set  of 
measurements,  we  take  densitometer  traces  in 
four  distinct  directions  across  the  plates,  and 
we  average  the  radii  that  are  measured  in  these 
directions. 
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As  you  will  recognize,  in  a  Fabry- Pei'Ot  patl'ern,  if 
one  takes  the  squares  of  tlie  radii  of  the  successive 
rings,  then  the  difference  in  tlie  sqv.ares  shouP'  be 
constant  throughout  the  pattern.  If  one  then  divides 
the  square  of  the  radius  of  a  given  ring  by  the  differ¬ 
ence  in  the  squares  of  tlit  radii  of  successive  rings, 
one  gets  a  value  for  the  fractional  order  number  in 
the  center  of  the  pattern.  This  procedure  can  be  re¬ 
peated  for  each  ring.  We  get  averages  over  four  dif¬ 
ferent  directions  of  scan,  and  tlicn  over  five  or  six 
fringes  to  compute  the  fractional  order  number  at 
the  center  of  the  pattern.  Never  in  the  experiment 
do  we  make  a  measurement  of  the  total  order  number 
at  the  center  of  the  pattern,  wliich  is  of  the  order  of 
50, 000.  We  measure  only  changes  in  the  fractional 
order  number.  This  lends  some  ambiguity  to  the 
interpretation  of  our  data  that  will  be  brought  out 
later. 

Slide  3  represents  a  similar  exposure,  but  bakeii  now 
at  dry  ice  temperature.  There  are  probably  Uventy 
componenls  in  the  laser  output.  li  was  operated  as 
close  to  threshold  as  possible;  however,  threshold 
was  rn'ri  higher  than  at  liquid  nitrogen  temperature. 

In  making  the  wavelength  vorsus:  temperature  mea¬ 
surements,  we  simply  took  the  center  of  gravity 
of  .all  of  the  fringes. 

May  we  have  slide  4,  please? 

As  tar  as  ttie  temperature  measur.;ments  are  con¬ 
cerned,  the  data  is  summarized  here.  The  data  above 
about  200'  K  was  reported  in  1961  by  Abella  and 
Cumminu.  ^  The  wavelengths  are  plotted  as  a  func¬ 
tion  jf  ruby  tenipeiature.  This  work  was  done  pri¬ 
marily  above  room  tcraiJerature,  but  they  also  had 
points  below  room  temperature  which  scattered 
rather  widely.  The-se  were  obtained  by  actually 
dipping  tli^  ruby  into  liquid  nitrogen,  then  removing 
it  from  tlic  nitrogen  bath,  and  putting  it  back  into  the 
pump  aavify' and  It. 

The  group  of  points,  circles  around  100  K,  represent 
points  that  wo  have  measured.  In  tlie  case  of  Uie  tem¬ 
perature  me.isurements,  there  is  no  ambiguity  in 
assigning  tlie  change  in  order  number  from  one  ex¬ 
posure  to  another.  That  is  to  say,  if  one  considered 
otlier  possible  assignments  tlian  tlie  one  wo  have 
made,  even  those  closest  to  the  ones  that  Imve  been 
made  here,  would  citlior  result  in  a  slope  to  this 
curve  which  is  even  larger  tlian  the  slope  at  room 
temperature.  Or  in  a  negative  slope.  There  is  thus 
a  completely  resonablc  criterion  for  assigning  order 


number  changes.  The  other  data  represented  by 
circles  was  obtained  at  dry  ice  temperature. 

In  both  cases  wo  don’t  have  a  fix  on  the  actual  wavc- 
Jeiigtli,  but  only  on  the  difference  in  wavelengths 
between  successive  points.  However,  it  has  been 
measured  by  many  people  that  at  liquid  nitrogen  tem¬ 
perature  the  line  occupies  a  position  very  ciose  to 
6934  angstroms.  We  have  simply  fit  a  smooth  curve 
that  fits  the  curvature  of  our  measured  points  in  both 
01  the  regions.  The  remaining  data  points  were 
measured  by  Gibson^  fifty  years  ago. 

Slide  5  simply  represents  an  expansion  of  the  scale 
in  tlie  liquid  nitrogen  region  where  the  wavelength 
units  are  npw  a  tentli  of  an  angstrom,  and  shews  the 
kind  of  scatter  tliat  occurs  in  our  experiment.  The 
circles  and  crosses  represent  the  data  from  which 
wavelengtii  positions  were  determined  in  order  to 
evaluate  tlie  index  sliift  data  that  we  are  going  to  si.ow 
■•''u  in  just  a  few  minutes.  .As  you  see,  they  follow 
pretty  consistently.  We  have  wondered  some  if  the 
fine  structure  in  this  curve  has  any  significance.  The 
black  dots  that  scatter  out  further  are  from.a  different 
set  of  data  in  which  only  a  single  pair  of  components 
was  present,  that  is,  a  single  lougituduiaimode  of  the 
ruby  laser.  The  fringes  were  so  weak  that  the  posi¬ 
tion  measurements  on  the  fringes  became  very  un¬ 
certain,  and  we  got  a  considerable  amount  of  scatier. 
Those  points  represent  the  worst  scatter  we  have 
seen,  Tlie  total  number  of  points  on  this  graph,  each 
one  ol  which  represents  a  photographic  plate  with  the 
averaging  that  I  indicated  before,  is  about  1/5  the 
total  points  obtained.  iTiey  all  fall  along  tliis  same 
general  curve  very  closely. 

Slide  6  is  simply  an  e.\panded  picture  of  the  region 
around  dry  ice  temperature  wliere  we  have  fewer 
measurements,  but  once  again  it  gives  indication  of 
the  agreement  between  the  points. 

Now  1  want  to  say  just  one  moie  wordaliout  the  order 
number  assignment.  Tlie  problem  in  looking  at  the 
fringe  patterns  is  that  we  simply  measure  the  change 
in  fractional  order  number  from  one  plate  to  the  next, 
and  there  may  ho  integer  changes  in  ordei'  number 
as  well.  In  principle,  it  might  be  of  almost  any 
m.ogr.itude.  It's  perfectly  clear  in  tlie  case  of  the 
temperature  data  that  the  assignment  we  have  made  is 
the  only  rea.sonable  one.  However,  tliis  represents 
somewhat  more  of  a  problem  in  the  case  of  the  aiudy- 
Bis  and  interpretation  of  the  index  shift  data,  and  I  will 
sit  down  now  and  ask  Harold  Daw  to  talk  about  that. 


87 


89 


PROF.  HAROLD  DAW:  1  believe  it  would  be  appro¬ 
priate  before  discussing  tlie  exixjrinicntal  results  to 
sketcli  on  tlie  board  the  temiJerature  scales  witli  which 


we  are  dealint;,  the  wavalengtli  shifts  with  which  we 
are  dealing,  the  positions  of  the  lines,  and  tlie  line 
half-widths. 
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Tlie  ground  stale  splitting  is  about .  38  wave  numlxirs 
or  .  18  angstroms.  The  width  of  the  lines,  is  about 
.1  angstrom.  Our  "spectrometer"  consists  of  the 
ruby  laser  line  in  which  the  wavelength  shift  mecha¬ 
nism  is  the  temperature  change.  The  laser  line  it¬ 
self  has  a  half-width,  something  less  than  .01  wave 
number. 

It  is  probably  not  -ight  to  say  we  have  scanned  from 
exactly  6933.  9A  i.'  6934. 5A.  We  have  scanned  from 
63. 5"K  to  101. 9°K,  and  since  the  sample  may  be  at 
some  sligb^'y  different  temperature  than  the  center 
temperatuiw  of  our  ruby  source,  the  wavelength  re¬ 
gion  scanned  could  lie  slid  back  or  forward  a  fewhun- 
dredtlis  o'  an  angstrom. 

Dr.  Iza'.l  has  mentioned  the  problem  of  order  assign¬ 
ments  which,  in  the  case  of  the  reference  interfer¬ 
ometer,  was  not  difficult  to  do. 

In  the  case  of  the  ruby,  we  do  not  really  know  what  to 
do  in  terms  of  order  assignment.  If  you  argue  that 
you  are  in  the  vicinity  of  rapidly  changing  index,  it  is 
conceivable  that  from  one  picture  to  another  you  may 
change  ten  order  numbers,  plus  a  fraction  of  an  order 
number. 

This  is  a  proljlem  that  is  not  altogether  ambiguous 
because  we  have  measured  many  points,  and  liave 


many  fractional  ordei  numijer  changes,  and  the  tem¬ 
perature  intervals  are  not  all  equal.  They  are  about 
2',  but  they  are  not  all  equal.  If  one  were  supposing 
they  liad  large  order  number  clianges  in  addition  to 
fractional  order  number  changes,  then  the  fractional 
order  numbers  sliould  scatter  badly.  This  is  due  to 
the  fraction  on  the  large  order  number  change,  which 
would  go  with  different  size  intervals.  We  do  notfind 
that  we  have  large  scatter  In  the  points,  and  tlierefore 
must  assume  that  the  order  number  sliift  is  small. 

'•Ve  have  mounted  our  ruby  sample  in  two  differeni 
polai'izations,  and  scanned  the  same  region  in  tlie  two 
different  polarizations.  This  aids  in  assigning  order 
number. 

The  two  lines  shown  in  slide  7  scan  the  region.  In 
places  the  Ri  (3/2)  line  will  overlap  the  region  which 
has  been  scanned  by  the  Ri  (1/2)  line,  and  so  we  know 
that  the  order  number  assignments  on  one  must  agree 
with  tlie  order  number  assignment  on  the  other. 

If  I  could  have  tlie  next  slide,  please. 

These  are  not  tlie  pictures  Dr.  Izatt  talk';d  about 
which  were  taken  with  the  reference  Fabry-Perot. 
These  are  Fabry-Perot  fringes  througli  our  ruby 
etalon.  We  get  fine  fringes,  but  they  are  of  relatively 
low  quality  compared  to  those  obtained:  in  the  reference 
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interferometer.  -As  an  indication  of  this  you  can  see 
the  ground  s.^ts  splitting^  but  the  lines  are  fuzzy. 

The  order  number  assignment  is  similar  to  that  shown 
in  Slide  2.  However,  the  longitudinal,  modes  are  not 
resplved. 

The  numbers  on  the  left  are  the  temperatures  at  which 
the  photographs  were  taken,  and  ihe  number-  on  the 
right  indicate  the  number  of  joules  that  were  put  into 
the  flash  lamp.  Several  fringes  were  measured  in 
several  different  directions  to  obtain  the  data  that 
were  then  used  for  the  next  step. 


One  thing  that  I  want  you  to  notice  is  that  you  always 
have  fringes.  Nowhere  are  the  fringes  suddenly  get¬ 
ting  broad  and  spreading  out,  yet  it  is  obvious  from 
Slide  7  we  should  be  somewhere  in  the  regions  of  the 
absorption  lines.  The  absorption  coefficient  reported 
for  liquid  nitrogen  temperature,  and  we  are  indebted 
to  Prof.  Schawlow  for  this,  is  on  the  order  of 
10cm"  1.  He  tells  me  there  is  something  more  recent 
in  the  Journal  of  Applied  Physics  that  we  have  missed 
which  reports  something  like  ten  per  centimeter  also.  5 

If  we  have  a  coefficient  of  absorption  of  ten  per  centi¬ 
meter,  i  believe  the  number  given  was  thirteen,  and 
our  sample  is  a  centimeter  thick,  the  first  beam  is 
attenuated  by  e- 10.  The  second  beam  must  go  back 
through  the  ruby  to  the  other  side  and  be  reflected  and 
come  back  across,  which  means  it  will  be  reduced  in 
intensity  by  e'^O  relative  to  the  first  beam,  and  one 
will  not  get  very  good  addition  in  this  case.  One 
would  suppose  that  not  only  would  the  fringes  be  dim, 
but  that  they  would  be  washed  out  since  only  the  ini¬ 
tial  path  would  be  there,  if  any  at  all. 

Let  us  see  Slide  9. 

Along  the  ordinate  is  the  order  number  assignment 
which  we  have  taken.  The  changes  in  wavelength  are 
plotted  on  the  abscissa.  There  are  several  sets  of 
data  on  this  slide.  The  crosses  are  associated  with 
one  of  the  fringes,  and  the  circles  are  associated  with 
the  other  fringe  resulting  from  tt  ■>  ground  state  split¬ 
ting.  The  set  of  data  consisting  of  crosses  which  sort 
of  wiggles  is  associated  with  one  orientation  of  the 
ruby,  that  Is  one  polarization  orientation  of  the  C 
axis  of  the  ruby.  The  other  set  of  data  falls  very 
nicely  in  a  straight  line. 
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The  order  number  shifts  are  small  as  pointed  out 
earlier.  The  order  numbers  either  increase  or  de¬ 
crease.  We  have  assumed  the  order  number  increases 
by  an  interger  plus  a  fraction.  This  results  in  the 
smooth  curves  sliown  in  the  slide.  Excuse  me.  Dr. 
Iz3*  have  I  said  something  wrong? 

DR.  IZATT:  Its  not  a  whole  order  number  increase. 
Its  a  larger  change  between  successive  points  than  If 
the  order  number  were  allowed  to  decrease.  But  be¬ 
tween  successive  points  it  is  less  than  a  whole  order 
number  change. 

PROF.  DAW:  We  have  the  fractional  order  numbers, 
and  we  either  take  them  down  or  up. 

DR,  IZATT:  That's  right. 

PROF.  DAW:  Since  the  measured  fractional  order 
numbers  generally  decrease,  a  shift  up  is  larger  than 
a  shift  down,  but  both  are  less  than  a  full  order  num¬ 
ber  shift.  Since  the  region  scanned  by  the  two  lines 
overlaps,  both  sets  of  data  must  match  up.  When  we 
aosign  order  numbers  such  that  they  do  match  up,  we 
jvserve  these  two  curves,  and  they  match  up  smoothly. 
If  we  were  to  assume  that  the  order  number  decreased, 
the  cuiwes  would  go  down.  In  this  case,  they  do  not 
match.  Therearesome  jogs  that  simply  do  not  match. 

If  wc  assume  that  it  changes  by  a  little  more  than  an 
order  number  going  down,  tlie  curves  again  do  not 
match.  We  have  made  no  oth''r  assignments.  We  do 
not  suppose  there  are  two  order  changes,  since  by  the 
time  you  get  two  '  rder  number  changes,  the  differ¬ 
ence  in  intervals  should  bo  enough  to  begin  to  produce 
considerable  randomness  in  the  points,  and  we  do  not 
see  that. 

Tlierc  is  a  problem  hero.  This  assignment  gives  a 
slope  up  lQw.a.r-ds  Jojiger  wavelengths,  .and  that’s  a. 
little  disturbing. 

Now,  may  I  have  the  next  slide? 


We  have  taker,  the  difference  between  the  two  curves 
on  slide  9,  .and  this,  is  the  difference  in  those  curves. 
We  assume  that  in  the  polarization  where  the  lines  are 
we.ok,  we  are  having  no  effect  from  the  lines  and  in 


the  other  polarization  where  the  lines  are  stronger, 
we  are  seeing  an  effec'.  What  is  left  is  the  effect  of 
the  absorption  line. 

-Dr.  Izatt  lias  plotted  some  index  of  refraction  curves 
to  compare  with  tlie  data.  The  curve  in  the  next  slide 
is  the  sum  of  two  dispersion  curves  for  a  pair  of  lines 
separated  by  .  38cm- 1  and  half  width  of  0.  lA.  This 
does  not  represent  an  attempt  to  fit  the  data  quanti¬ 
tatively  but  only  to  check  the  general  qualitative  fo'-m. 
And,  1  believe  that's  l!se  last  slide.  These  are  the 
points  which  you  just  saw  on  slide  10  plotted  against 
the  sum  of  the  two  refractive  inde.X- curves. 

I  suppose  there  will  be  some  questions  about  that.  I 
will  give  you  an  opportunity  to  ask  those  in  a  moment 
I  would  like  to  point  out  that  we  are  not  through  vdth 
this  work,  but  there  seems  to  be  at  least  qualitative 
agreement. 

We  can  answer  the  question  about  the  ambiguity  in 
order  number  by  changing  our  temperature  intervals 
and  making  them  smaller.  This  should  settle  the 
question  of  whether  we  liave  whole  order  number 
changes  or  lialf-order  number  changes. 

It  will  not  presumably  settle  the  question  of  whethc/r 
or  not  wo  can  propagate  coherent  laser  radiation 
through  tlie  middle  of  this  strong  absi  rption.  We 
apparently  can,  unless  one  wishes  to  argue  that  we 
have  missed  the  line  entirely. 

There  are  some  alternate  explanations  to  why  we  do 
not  observe  the  strong  absorption  besides  missing 
the  line.  We  could  pos.sibly  be  bleaching  the  sample, 
particularly  if  we  had  to  bleach  only  in  the  very  nar¬ 
row  Irequem  y  region  where  the  laser  line  is  located. 
In  which  case  the  light  could  gel  through.  The  rest 
of  the  line  (unbleached)  contributes  to  the  index  van!- 
iation. 

Since  the  lifetime  for  the  ruby  stale  is  on  the  order  of 
ten  to  the  minus  three  seconds,  wc  have  supposed  that 
the  light  the  light  may  go  in  and  be  absorbed,  and 
then  simply  be  stimulated  out  coherently  with  the 
incident  radiation. 

However,  every  photon  is  absorbed  with  an  absorp¬ 
tion  coefficient  something  like  ten  per  centimeter, 
essentially  ten  times  in  traversing  the  ruby  once. 

This  means  many  absorptions  and  reemissions  will 
occur.  The  probability  lor  stimulating  a  photon  out 
of  an  excited  stale  is  a  good  deal  less  Ih.an  the  pro¬ 
bability  for  its  being  reabsorlied.  This  question,  so 
far  as  We  are  concerned,  is  not  answered. 

We  would  like  to  got  the  indo.x  of  refraction  curves 
for  the  unpumped  sample  and  for  the  sample  as  the 
population  is  changed  by  pumping.  Dr.  Izatt  didn't 
mention  this,  but  the  sample  is  mounted  in  its  own 
pump  cavity  with  a  flash  tube. 

The  ruby  sample  in  addition  to  passing  ruby  light 
from  the  source,  will  produce  fluorescent  radiation. 
Fluorescence  radiation  will  fog  tlie  film.  We  have 
been  controlling  the  pump  light  and  filtering  to  see 
that  we  duii'i  get  enough  fogging  to  spoil  the  fringes. 

I  have  brought  along  prints  of  two  pictures.  (Prints 
not  reproduced  here. )  These  happen  to  be  poor  be¬ 
cause  we  had  iust  started  the  realignment  after  put¬ 
ting  in  some  light  traps  at  the  ruby  faces,  so  the 
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fringes  are  not  centered.  They  are  not  equally  in¬ 
tense,  but  one  of  these  shows  the  fringes  taken 
through,  the  unpumped  saniple,  and  the  other  shows 
fringes  taken  when  the  sample  is  pumped  about  as 
hard  as  v/e  will  ever  pump  it.  Thus,  we  have  as 
much  fluorescence  as  we  expect  and  as  much  back¬ 
ground  radiation.  You  can  tell  very  little  and  I  don't 
want  to  draw  any  conclusions  from  these  pictures. 

1  think  if  you  will  look  at  them  you  will  see  that  in 
fact  the  fringes  have  been  shifted  significantly  by 
the  pump  radiation,  both  in  shape  and  in  general 
quality. 

MODERATOR  BYRNE:  Any  questions  or  comments? 

PROF.  SCHAWLOW:  That  bleaching  suggestion 
sounds  reasonable  to  me.  Have  you  made  quantitative 
estimates? 

PROF.  DAW:  We  have  not  made  good  quantitative 
estimates,  but  the  reflectivity  on  the  surface  of  the 
sample  is  about  99  percent,  and  very  little  of  the 
radiation  enters  the  cavity.  However,  for  those  very 
narrow  directions  at  which  it  does  go  into  the  sample, 
it  enters  very  well  because  you  get  complete  trans¬ 
mission  where  there  is  coherent  addition. 

DR.  McCLUNG:  Arc  these  temperatures  that  you 
quote  here  the  starting  temperatm  e  prior  to  firing 
the  iiaslilamp,  or  tlie  terminal  temperatus-e  at  the  end, 
or  what?  How  are  they  related  to  the  actual  tempera¬ 
ture  at  the  time  th.at  the  ruby  Is  running  as  a  laser? 

PROF.  DAW:  These  .are  the  temperatures  prior  to 
the  flashing  of  the  lamp. 


DR.  McCLUNG:  In  other  words,  the  actual  tempera¬ 
ture  may  be  as  much  as  thirty  orforty  deg4;ces  higher, 

PROF.  DAW:  il  would  be  very  much  surprised  about 
that,  because  we  would  then  expect  some  kind  of  beat 
pulse  to  come  up  past  our  tliermocouple  which  we 
would  see. 

DR.  McCLUNG;  Then  tlie  thermocouple  reads  the 
same  temperature  at  the  end? 

PROF.  DAW:  Yes.  In  our  geometry  tll.,^ruby  is  fas¬ 
tened  into  a  copper  rod,  and  the  tliermocouple  is  lo¬ 
cated  also  in  the  copper  rod. 

DR.  McCLUNG:  Yes.  And  the  thermocouple  indi¬ 
cates,  say  63,  5  degrees. 

PROF.  DAW:  Yes. 

DR.  McCLUNG:  I  am  familiar  with  the  system  here. 
The  thermocouple  indicates  63.  5  Kelvin  prior  to  the 
lime  that  you  fire  the  flash.  Now,  what  Is  the  tem¬ 
perature  oi  the  system  as  you  read  it  on  the  thermo¬ 
couple  alter,  I  moan  as  soon  as  you  can  observe  it 
after  the  process? 

PROF.  DAW:  We  don't  observe  any  temperature 
shift. 

DR.  McCLUNG:  In  other  words,  the  copper  remains 
thermally  locked  to  the  nitrogen  bath,  but  I  don't  be¬ 
lieve  the  ruby  does. 

PROF.  DAW:  Well,  the  ruby  has  a  better  conductiv¬ 
ity  than  the  copper  at  liquid  nitrogen  temperature. 
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DR.  McCLUNG:  It  has  a  vei'y  low  lieat  cap.icily,  and 
it  has  a  very  bad  thermal  contact  with  the  copper  block. 
Data  that  has  been  presented  iii  numerous  oi:hev  places 
indicate  that  in  the  temperature  range  between  helium 
temperature  and  somewhere  above  nitrogen  tempera¬ 
ture,  that  it's  not  at  all  unusual  to  see  temperature 
excursions  ol  lorty  degrees  or  lilty  degrees  Kelvin  in 
tlie  ruby,  actuiilly,  itself,  and  this  is  determined  by 
absolute  wavelength  measurement  as  compared  with 
fluorescence  emission  wavelength. 

You  know  that  the  fluorescence  emission  can  at  least 
be  tagged  very  well  to  temperature,  but  you  don't 
know  what  the  temperature  of  the  ruby  is  at  the  time 
that  you  laser,  and  so  you  can  actually  measure  the 
temperature  cl  the  sy.stem  by  using  a  high  resolution 
spectrograph  in  locate  the  center  of  the  line,  and 
thereby  identify  with  no  ambiguity  at  all  what  the  tem¬ 
perature  is,  and,  therefore,  the  wavelength  of  the 
system  is. 

PROF.  DAW:  If  you  actually  immerse  it  in  a  liquid 
nitrogen  bath,  I  would  argue  you  also  do  not  know  the 
temperature  of  the  ruby  for  the  very  same  reason 
that  the  heat  is  delivered  into  tlie  ruby,  but  the  heat 
pulse  usually  sets  in  at  some  time  del.ayed  relative  to 
the  flash. 

PROF.  SCHA’A^LOW:  Could  I  miike  a  comment  on  it? 

We  have  some  time  ago  made  some  measurements  on 
the  oui  put  wavelength  of  a  ruby  under  pumping  condi¬ 
tions,  and  we  found  that  when  we  cooled  it,  why,  by 
cloy  ing  cold  air  on  it  we  could  never  get  it  down  to 
the  temperature  of  liquid  nitrogen.  That  is,  when  it 
la.sers,  it's  always  above  that. 

The  wavelengths,  this  is  wavelengths  shift,  if  wo  im¬ 
mersed  the  ruby  in  the  liquid  nitrogen  and  didn't  hit  it 
too  hard,  then  the  wavelengtlis  would  be  the  same  wave¬ 
lengths  as  we  got  in  low  energy  fluorescence. 

There  Is  one  point  that  I  would  like  to  mention  without 
commenting  as  to  whether  you  actually  do  or  do  not 
have  a  temperature  shift,  I  don’t  know.  There  is  the 
interesting  point  which  you  will  find  in  the  literature, 
that  the  shift  in  the  lino  position  from  absolute  zero 
is  quite  closely  proportional  to  the  total  heat  absorbed. 

In  other  words,  at  very  low  temperatures  the  specific 
heat  is  small,  and  the  shift  per  degree  is  small.  At 
higher  temperatures  tne  shift  per  degree  is  l.arger, 
but  with  the  shift  per  calory  is  constant. 

DR.  SOULES:  Don't  you  cross-check  wavelength  shift 
in  the  Fabry- Perot  alone  against  the  etalon? 

PROF.  DAW:  We  have  this  checked;  and  the  tempera¬ 
ture  data  which  we  gave,  which  fits  rather  nicely, 
would  seem  to  indicate  we  do  not  have  that  large  ex¬ 
cursion.  Furthermore,  the  entire  scan  interval  is 
about  forty  degrees. 

DR.  McCLUNG:  Yes.  So  I  typically  monitor  temper¬ 
ature  in  the  system  that  I  work  with  which  isn't  that 
imc’n  below  room  temperature,  and  see  temperature 
excursions  of  the  order  of  the  magnitude  of  ten  de¬ 
grees,  I  might  add  at  relatively  low  pumping  powers. 

MODERATOR  BYRNE:  At  what  pump  power? 

DR,  McCLUNG:  Of  the  m.agnituds  of  500  joules  In 
input  energy. 


PROF.  DAW,:  Ours  are  almost  always  under  400 
joules. 

DR.  QUELLE:  As  I  recall  the  curve  you  had  of  the 
anomalous  dispersion  there,  the  two  peaks  on  tlie 
anomalous  dispersion  were  separated  by  a  smaU  frac¬ 
tion  of  an  angstrom,  is  that  correct? 

PROF.  DAW:  Yes. 

DR.  QUELLE:  Couid  we  have  that  one?  Slide  11. 

The  point  that  I  am  getting  at  is  it  is  my  understanding 
that  the  anomalous  dispersion  will  peak  at  the  half- 
widths  of  the  line,  whichwould  comply  with  a  rather  nar¬ 
row  line,  more  narrow  than  I  had  been  led  to  believe. 

DK.  IZATT:  This  is  the  composite  ">1  two  lines, 
which  are  separated  by  0.  38  wave  numljers,  and  each 
ol  which  has  a  half- width  of  a  tenth  oC  an  angstrom. 
You  can  see  the  two  index  curves  that  came  Ihrougli 
from  the  construction  down  there  in  the  botlom  half. 
You  will  notice  the  pe.ik  points  are  in  each  case 
separated  by  twice  the  tialf-widths  ol  the  line;  the 
composite  curve  now  has  the  bumps,  as  you  call 
them,  which  are  separated  by  the  smaller  amount. 

It  is  a  broadening  effect  when  the  two  go  together. 

Incidentally,  we  ne  -er  use  a  temperature  measure¬ 
ment  in  reducing  any  of  the  data.  We  use  the  wave¬ 
length  shift  that  conies  from  the  Fabry- Perot  inter¬ 
ferometer  exclusively.  As  I  pointed  out,  if  we 
.issigned  any  whole  order  number  shifts  there,  we 
would  get  either  a  slope  to  the  wavelength-shift- 
versus-temperature  curve,  which  is  even  greater 
than  it  is  at  room  temperature,  or  one  v'hich  was 
negative. 

I  think  there  is  no  ambiguity  there,  which  once  again 
argues  that  the  wavelengtli  sliilt  tliat  we  put  in  here 
,,is  pretty  reliable. 

PROF.  DAW:  I  don't  know  whether  it  was  pointed 
out  or  not,  but  this  is  in  a  vacuum  system.  We  were 
not  dangling  it  in  air  or  something. 

DR.  McCLUNG:  Oh,  no,  it's  just  a  problem  which 
has  been  observed  by  other  people,  that  wlien  you 
try  going  down  to  these  low  temperatures,  and  v  ,ii 
you  pump  the  laser  system  itself,  the  laser  crystal, 
it  lakes  a  certain  amount  of  energy  just  to  invert  the 
populations,  and  then  you  can  calculate  the  energy 
that  is  put  into  the  lattice  to  just  invert  the  popula¬ 
tions,  and  this  doesn't  turn  out  to  be  a  fantastic 
amount  of  energy.  It  only  causes  tlie  temperature 
change  to  the  order  of  magnitude  of  three  or  lour 
degrees,  around  three  or  four  degrees. 

Then  you  throw  in  a  few  other  factors  to  account  for 
the  fact  that  not  all  of  your  pumping  is  in  the  green 
band,  and  you  can  find  -- 

PROF.  DAW:  This  is  why  I  point  out  that  the  tem¬ 
perature  interval  is  not  tixed  relative  to  these  lines. 

DR.  McCLUNG;  Yes. 

PROF.  DAW:  It  can  be  slid  to  tlie  riglit  or  left. 

DR.  McCLUNG:  Depending  upon  the  system,  why,  it 
could  be  slid  by  quite  a  bit,  or  It  could  be  bleaching, 
either  one,  too. 
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PROF.  DAW:  Yes.  I  would  think  it  would  be  very 
unlikely  that  we  were  shifting  sufficiently  to  miss 
the  lines. 

DR.  CULVER:  Why  isn't  the  output  wavelength  quite 
as  well  defined  by  the  cavity  d  Sions  of  the  laser? 
It's  the  output  — 

DR.  IZATT:  No.  Tlie  point  is  that  it  is  well  defined 
by  the  other  interferometer  measurement.  I  believe 
the  argument  that  Prof.  Schawlow  was  making  just  a 
minute  ago  indicates  that  the  curvature  of  this  wave¬ 
length  versus  temperature  curve  should  go  roughly 
as  T4m  and  a  curve  is  essentially  what  we  have 
plotted  there.  If  we  were  to  shift  those  points  mea¬ 
sured  near  the  liquid  nitrogen  temperature  forty  or 
fifty  degrees  in  either  direction,  they  wouldn't  fit  the 
curvature  of  that  curve  well  at  all. 

I  believe  also  Dr.  Schawlow  made  the  point  that  when 
the  ruby  i.s  immersed  in  the  liquid  nitrogen,  then  the  ' 
position  of  the  line  agrees  with  the  nitrogen  temper¬ 
ature.  Did  I  understand  you  correctly  there? 

PROF.  SCHAWLOW:  Tliat  wasn't  all  we  did.  We  also 
used.a  clad  rod  to  get  thermal  ballast.  There  was 
about,  I  think,  shv  times  as  much  sapphire  as  tlie 
ruby. 

PROF.  IZATT:  I  might  mention  that  in  this  clamping 
arrangement  the  ruby  is  clamped  tightly  into  the  bot¬ 
tom  of  the  copper  rod  witli  an  indium  gasket  so  that 
reasonably  good  therimil  contact  can  be  made. 

DR.  QUELLE:  What  fraction  of  the  pumping  time  did 
the  laser  actually  lase?  What  I  am  getting  at  is  if  it 
lased  an  appreciable  fraction  of  the  pumping  time, 
then  if  tliere  was  a  frequency  shift,  you.  should  see  a. 
blurring  of  the  fringes  as  the  frequency  cl'.anges. 

PROF.  DAW:  It  lases  for  about  200  microseconds. 

DR.  QUELLE:  Then  if  there  was  any  appreciable 
shift  with  temperature,  I  would  assume  that  you  would 
see  a  blurring  of  your  fringes. 

PROF.  DAW:  We  do' not  see  a  blurring  of  the  fringes. 


DR,  McCLUNG:  That  may  explain  why  you  have  two 
mounds  there  instead  of  one.  What  is  the  separat  on 
between  the  two? 

PROF.  DAW:  0.  38  wave  numbers.  It's  just  right  for 
the  ground  state  splitting.  It  could  jump  from  one 
longitudinal  mode  to  the  other,  but  we  do  not  resolve 
these  in  the  etalon.  These  two  a.re  resolved. 

DR.  QUELLE:  I  would  assume  that's  the  maximum 
amount  of  —  multiply  that  by  a  factor  of  two  or  three 
for  the  maximum  amount  of  pulling  that  you  might  get, 
due  to  temperature  rises. 

PROF.  DAW:  Anyone  can  see  these  pictures  if  they 
like.  {Refers  to  prints  on  pumped  sample  not  repro¬ 
duced  here. ) 

Note  added  at  time  of  editing:  After  the  conference 
it  was  confirmed  by  direct  spectrographic  observa¬ 
tion  of  the  laser  emission  that  the  measured  source 
temperatures  were  in  error  by  about  5"K.  'These 
measurements  werp  made  on  a  13-meter  Littrow 
grating  spectrograph  which  provided  dispersion  of 
about  6  mm/A  at  6934A.  This  instrument  was  made 
available  to  us  by  Dr.  John  Evans,  Superintendent  of 
the  Sacramento  Peak  Observatory,  Sunspot,  New 
Mexico.  Details  of  the  spectrographic  measurements 
are  reported  in  Variation  of  Refractive  Index  During 
laser  Operations,  Semi-annual  Technical  Repoi't 
No.  3,  J.  R.  Izatt,  H.  A,  Daw,  R.  C.  Mitchell, 
Contract  Nonr  3531(04),  April,  1965. 

MODERATOR  BYRNE:  .'biy  further  comment? 

I  have  one,  and  that  is  I  would  like  to  point  out  tliat 
the  arrangements  for  the  meeting  were  made  by  Lloyd 
White,  and  I  think  that  he  has  done  a  fine  job. 

(Applause. ) 

DR.  CULVER:  I  would  like  to  make  one  comment 
befo*'e  we  break  up.  We  all  owe  ONR  quite  a  debt  of 
gratitude,  because  I  think  this  has  been  a  very  fine 
meeting  all  the  way  around. 

(WHEREUPON,  at  3:45  o'clock  P.  M. ,  the  meeting 
was  concluded. ) 
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